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3ÍNTRODUCTION
E. TAKÁCS
This volume contains papers written by fetlows of the Department of Geophy­
sics in Miskoic University on the newest resuits of in-mine geophysics.
The Department of Geophysics of Miskoic University -  eariier Technical 
University for Heavy Industry -  was founded in 1951 in the Faculty of Mining. 
The training profile of the Faculty inculdes exploration, mining and processing 
of all kinds of fluid and solid mineral resources. From the early days themes 
connected with the coal and bauxite exploration took a prominent part in the 
research work of the Geophysical Department.
In the second half of the seventies the development of in-mine exploration 
methods turned into a stressed task. Namely it was a need to locate zones of 
geological disturbances in long-wall coal panels prior to the start of mining ope­
ration. In the bauxite mining the changeable relief of the karstic limestone-dolo­
mite basement presented serious problem. As a consequence the mining plants 
became deeply interested in the in-mine application of geophysical exploration.
The staff of the Geophysical Department has achieved results recorded in 
international level in the fields as follows:
Theoretical foundation of in-mine geophysics especially in the field of seis­
mic wave propagation, electromagnetic field of buried d.c. and a.c. sources 
[5. 6, 7. 10. 11. 14. 16];
-  Development of seismic -  absorption tomography electromagnetic -  geo­
metrical and frequency sounding, geoelectric reconstruction -  in-mine me­
thods [1, 2. 3. 9. 13. 15];
Interpretation of underground gravity measurements [12];
Development of in-mine well-logging methods [2];
-  In-mine geometries [2];
-  Combined use and joint inversion of seismic and geoelectric measurements 
[4. 8].
Theoretical, methodological investigations were followed by the develop­
ment of softwares, hardwares and test measurements. Various geological prob-
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terns were succesfully solved by geoetectric and seismic transittumination and 
reconstruction in severa! mine-districts in Hungary. Some plants got these soft­
wares and hardwares.
in spite of the unquestionable resutts the application of the developed me­
thod nowadays is onty occasional, which is connected obviously with the reces­
sion of the mining industry.
However the application of the results of the research work outlined above 
according to the original aim is now limited the main conclusions gained and 
the worked out procedures can be adapted in all case when exploration works -  
like in mine geophysics -  with transillumination and is looking after inhomoge­
neities between transmitter and receiver. Things are like this in cross-well geo­
physics -  which comes now to the front in many application of geophysical 
prospecting -  as for example in engineering geophysics, environmental geophy­
sics and reservoir geophysics.
The numbers in the text refer to the following publications:
1. Csókás J. 1974. Detection of tectonic diturbances associated with a coal 
bed by geoelectrical measurements in drifts. Acta Geod. Geoph. Mont. 
Hung., 9. 1-2., 111-119.
2. Csókás J., Gyulai Á., Ormos T. 1979. Spezielle Probleme und Ergebnisse 
der angewandte Geophysik in Bergbau der Ungarischen V. R. Freiberger 
Forschungshefte, C 349.
3. Csókás J., Dobróka M., Gyulai Á. 1986. Geoelectric determination of qua­
lity changes and tectonic disturbances in coal deposits. Geophysical Pros­
pecting 34. 1067-1081.
4. Breitzke M., Dresen L„ Csókás J.. Gyulai Á., Ormos T. 1987. Parameter es­
timation and fault detection by three component seismic and geoelectric 
surveys in coal mine. Geophysical Prospecting 35. 832-863.
5. Dobróka M., Ormos T. 1983. Absorption-dispersion relations for Love 
channel waves. Geophysical Transactions 29. 117-127.
6. Dobróka M. 1988. Love seam-waves in a horizontally inhomogeneous 
three-layered medium. Geophysical Prospecting 35. 502-516.
7. Dobróka M. 1988. On the absorption-dispersion characteristic of channel 
waves propagating in coal seams of varying thickness. Geophysical Prospec­
ting 36. 318-331.
8. Dobróka M., Gyulai Á., Ormos T., Csókás L, L. Dresen 1991. Joint inver­
sion of seismic and geoelectric data recorded in an underground coal mine. 
Geophysical Prospecting 39. 643-665.
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9. Dobróka M., L. Dresen, Ch. Ge)bkc, H. Rüter 1992. Tomographic inversion 
of normalized data: double-trace tomography algorithms. Geophysical Pros­
pecting 40. 1-14.
10. Gyulai A. 1982. Interpretation of in-mine geoelectric soundings by means 
of kernel functions. Geophysical Transactions 28. 2.
11. Gyulai Á. 1989. Parameter sensitivity of underground d.c. measurements. 
Geophysical Transactions 35. 3.
12. Hajagos B., Steiner F. 1993. Determination of fault's position in mines 
using different norms in inversion (In this issue).
13. Ormos T. 1988. In-mine vertical seismic profiling. Geophysical Transac­
tions 33. 3-4. 237-246.
14. Takács E., Nagy J., Mádai F. 1986. Field of vertical, alternating current, 
electric elementary dipole in a layered medium. Geophysical Transactions 
32. 1. 43-56.
15. Takács E. 1989. Exploration of coal seams by the measurement of the 
electric field of a buried vertical a.c. electric dipole. Acta Geod. Geoph. 
Mont. Hung., 24. 3-4. 453-469.
16. Takács E. 1991. A comparison between horizontal magnetic and vertical 
electric fields due to a vertical electric dipole situated within a coal seam. 
Acta Geod. Geoph. Mont. Hung. 26. 1-4. 339-350.

THE PROPAGATION OF LOVE CHANNEL 
WAVES IN COAL SEAM STRUCTURES 
WITH VARYING THICKNESS
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H-3515 Miskoic, Egyetemváros
Abstract. The comptex dispersion retation is given for Love-type seam waves propagating in a 
geotogicat structure containing coa] [ayer of varying thickness. In order to describe anelastic friction, 
the constant Q-mode) is used, '[lie absorption-dispersion formuta is numericatty analyzed.
Introduction
It is weli known, that a coat seam embedded in two rock iayers of higher seismic 
veiocity can serve as a wave-guide. The properties of the guided wave modes 
propagating in this seismic channel are determined by the material characteris­
tics of the iayers and by their thickness. Analysing the dispersion and ab­
sorption properties of the observed channei waves one can find information 
about the coai and the adjacent rock material as weii as the seam thickness can 
be determined. Anaiyticai and numericai resuits for Love seam-waves propaga­
ting in a symmetric three iayered homogeneous dissipative mode! with constant 
seam thickness were given by Buchanan (Í978) and by Krey et ai. (Í982). The 
effect of asymmetry of the iayer sequence was studied by Dresen et ai. (Í985). 
The infiuence of anisotropy was investigated by Buchanan et ai. (1983). Re- 
centiy, using a phase recursion aigorithm Raeder et ai. (1985) pubiished disper­
sion curves and ampiitude-depth functions for more compiicated four and five 
iayered homogeneous structures with constant iayer thickness.
In many cases the seam thickness varies continuousiy aiong the coai panei. 
This resuits in the fact that the phase veiocity and the absorption coefficient de­
pend on horizontai coordinates measured aiong the coai seam. It was first pro­
posed by Krey (Í983) to use tomographic methods in order the reconstruct the 
variation of the seam thickness by means of arrivai times of channei waves. 
There are iiiustrative field resuits in this topic. Recentiy Jackson (1985) has re­
ported a map of seam thickness based on channei wave tomography.
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The interpretation of these measurements requires the derivation of the 
amplitude function and absorption-dispersion relation of seam-waves propaga­
ting in wave-guides of continuously varying thickness. The aim of this paper is 
to discuss these questions in case of Love seam-waves. In order to describe an- 
elastic friction we use the constant Q model and assume the coal seam and the 
adjacent layers to be homogeneous. It is also assumed, that the variation of the 
seam thickness remains weak so that the method developed by Wentzel, Kra­
mers and Brillouin can be used in our discussion.
The WKB solution
A Love seam-wave is a transverse wave polarized paralelly with the rock coal 
interface. With the proper choice of reference frame (Fig. 1.) the displacement 
vector can be taken as s = (Uj.u^.0). It can be proved, that in this case the u,,
U2 componentes of the displacement have the form
ő'k á'k
* dXg 2 gXj
where the diplacement potencia! 'L fulfils the equation
(!) = 0
with the refractive index N = ^ , k^ = ^ ,  m is the angular frequency, c is a
constant velocity. The shear velocity ß — where p is the density and is the
shear velocity. In the framework of the constant Q model the shear modulus can 
be written as
p = p * (1 + ie)
where e -  Q being the frequency independent quality factor (Buchanan
1978). In case of horizontally layered geological models the dependence of the 
displacements upon the x,, X2 horizontal and the x^ vertical coordinates can be 
separated. In our three layered model of varying thickness we assume, that this 
separability remains approximately valid
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(2) ^(x,.X2.x^) =V*(x3.H(x,.X2)<p(x,.X2)
with the slight implicit (x^ Xg) dependence in the amplitude-depth function. 
This resuits in the equations
(3) ^  + ( N ^ - n ^ ) k ^  
d*3
(4) A<p + n^kptp = 0
where the channel wave refractive index n(x^x^) = ^  has been introduced with
the phase velocity v(x^ X2) which is slightly dependent on the horizontal coordi­
nates. Equation (3) gives the amplitude-depth function
^ * ( x 3.H(x,.x^)) = Ae**0*3 + B e **0*3
similar in form to that derived by Krey (1963). The only difference is that the 
A, B quantities and the n channel wave refractive index depend weakly on the 
horizontal coordinates, too.
For solving equation (3) we use the WKB method and write the function ip 
as
i<hip = e
with the <h complex phase function for which eqation (4) gives
(5) n^kj* -  (grad $)^ + iA<& = 0.
Neglecting the term Ad) one can write an approximate phase function as an 
eikonal function
P(*,.*2)
<&o(x,.X2) = k o  I  nds.
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With the heip of this resuit an approximate value for AO can be derived. By in­
serting it into (5) one can find a better approximation for the complex 
phase function
0,(x ,.X 2)=k(, j* nds + iin \,n(x,,X 2).
So, the WKB solution to equation (3) can be written as
,p — L g i k j n d s
V5*
and the amplitude functions of the Love seam-wave take the form 
u, = e2U, u^ = —e,u, u^ = 0
with
(6) u = ik. e"o^3 + Bj e *  '"o*3 ^  e"o^ "<*.
The subscript j refers to the layers (j -  0, 1,2) (Fig. 1.).
For quantities Aj. Bj the boundary conditions give a set of equations which 
has nontrivial solution only if the equation
(7) e^o '*
1 -Z , ! - Z ,
------- ------- Z
1 +Z, l+Z^'  '
is valid. This is the absorption-dispersion relation of Love seam-waves propaga­
ting in a three-layered dissipative medium in which the seam thickness varies 
slowly. Its form is similar to the one derived for the case of constant thickness. 
The only difference is that the thickness and consequently the complex channel 
wave refractive index is a function of the horizontal coordinates.
To test whether the WKB solutions are good approximations to solutions of 
equation (2) the expression (6) may be substituted in the wave equation and the 
result can be compared with either term in it. This gives the relation
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(8) X(x,."2) = «1
which is the quantitative definition of the term "siowty varying thickness". If 
the inequality y(x^x^)« 1 is met. the solution can be considered as a good ap­
proximation.
Numerical resuits
The dispersion equation can be solved numerically. As a reference, let us first 
have a look at Fig. 2. which shows numerical solutions for fundamental modes 
in case of constant thickness. Here n* is the real part of the channel wave re­
fractive index, n^ is the group refractive index, a is the absorption coefficient 
a ^ ,  a^l are the ones computed for body waves travelling in the channel and in 
the upper adjacent layer respectively. The quality factor was chosen = 20 in 
the coal and Q, = 100 in the upper adjacent rock while the lower one was con­
sidered as ideally elastic layer. These results are similar to those obtained by 
Buchanan (1978) and Krey et al. (1982). The difference is that because of the 
asymmetry of the rock-coal-rock sequence even in case of a fundamental mode 
there exists a cut-off frequency f, below which guided wave solutions to the ab­
sorption-dispersion relation can not be found. At this frequency n -* N, which 
means that v ^ ^ ,  -+ ß, and a -* a!'l.
In order to know the influence of thickness change on the seam-wave solu­
tion at various frequencies let us assume a three-layered geological model with 
the seam thickness given as
H ( X ) = d [ 2 - e x p ( - x 2 ) ] .  X = —
where d is a constant (Fig. 3.). As a function of the dimensionless coordinate X, 
the phase velocity of the Love channel wave can be determined at various fre­
quencies by means of equation (7).
The result is shown in Fig. 4. It can be seen, that at medium frequencies 
(300-400 Hz) the change in thickness has a considerable influence on the 
channel wave phase velocity while at high as well as low (near to the cut-off) 
frequencies the effect is small. This is in agreement with the fact that the pro­
pagation properties of a Love channel wave at high frequencies are determined
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by the coal seam. !n this limit the channel seems to be infinitely extended for 
the wave, so the properties of the channel wave tend to those of a body wave. 
Similarly at frequencies close to the cut-off frequency the properties of the 
Love seam-wave are determined by the adjacent layer of smaller shear velocity. 
The influence of the wave guidance can be expected most characteristically at 
frequencies near to the Airy frequency. This is confirmed by Fig. 5. Here the 
1 dvderivative n——  is depicted as a function of frequency. This quantity shows the 
Po dH
sensitivity of the channel wave phase velocity concerning small 8H changes in 
the seam thickness because the change in phase velocity is
8v = 'd v \dH 8H,
where H^ is a constant seam thickness. As Fig. 5. shows at a frequency 250 
Hzm the curve has a maximum, while at large frequencies as well as at the cut-
dvoff frequency the derivative —  tends to zero. In these limits the phase velocttydH
is not sensitive to thickness variations.
The results show that a homogeneous three-layered model of varying seam 
thickness for guided waves can be considered as a horizontally inhomogeneous 
structure. The phase fronts can be determined by means of the eikonal function 
and the channel wave propagates along a curved ray path. A similar result can 
be derived for a three-layered model of constant thickness in which the coal 
seam is horizontally inhomogeneous (Dobróka 1985). On this basis for each ho­
mogeneous wave-guide of varying thickness at a given frequency one can find 
an equivalent structure with constant seam thickness and horizontally inhomo­
geneous coal layer. For our model shown by Fig. 3. the distribution of the equi­
valent shear velocity is plotted on Fig. 6. at various frequencies. It can be ob­
served again, that at large frequencies as well as at low frequencies the change 
in the equivalent velocity is smaller than that at medium frequency (near the 
Airy frequency).
By solving the complex dispersion equation we can investigate the influence 
of the thickness change on the absorption coefficient of the Love seam-waves, 
too. For the same geometry as above the distribution of the absorption co­
efficient is shown by Fig. 7. The coal seam was assumed to be dissipative with 
the quality factor Q = 20. The roof and the floor were considered as ideally 
elastic layers. As Fig. 7. shows besides the differences between levels of the ab-
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sorption coefficient at various frequencies there is also some difference in their 
variation. As in case of phase veiocity it can be seen that there is a reiatively 
smaii variation in the absorption coefficient at high and a!so at low frequencies, 
while at medium frequencies (Airy frequency) the effect is considerable.
1 daThis is also proved by Fig. 8. where the quantity — is plotted as a func-
*o dH
tion of the frequency. The result refers to a model the thickness of which varies 
slightly (6H) around a value = 2d. In this case the absorption coefficient of 
the seam-wave can be written as
5a - dadH 8H.
so the derivative —*r shows the sensitivity of the channel wave attenuation fac- dH
tor concerning the change in thickness. As Fig. 8. shows the curve /da ^dH
has a maximum at fd = 245 Hzm but it tends to zero at high frequencies and al­
so at the cut-off frequency (f*d =100 Hzm). This means that channel wave 
attenuation measurements can be used to detect changes in the seam thickness 
only at frequencies near to the Airy frequency (f^d = 300 Hzm in this case).
It can be proved that at any frequency for our model of varying thickness 
there can found an other model with constant thickness in which the coal seam 
is inhomogeneous also in its quality factor. Fig. 9. shows the reciprocal value of 
the equivalent quality factors at various frequencies.
In our simple three-layered model thickness increases from a value d to Hp 
= 2d approximately in a length 20 d. If d = 1 m this means that for a wave of
frequency 300 Hz propagating with a mean velocity 1500 ^  thickness changes
more than 20 % per wavelength. It is important to see whether the WKB 
solution derived above is valid in this case. Using the complex dispersion 
relation the derivatives appearing in the condition (8) can be computed and the 
quantity x(X) can be determined numerically. Fig. 10. shows the result at fre­
quency 400 Hz. It can be seen, that the quantity referring to the validity of the 
WKB solution is not greater than 10*  ^ in the total range of cooridnate X. This 
means, that the WKB approximation is good at this frequency.
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Summary
Summarising the resuits it can be stated, that in a first order WKB approach the 
complex dispersion relation of Love seam-waves propagating in a three-layered 
medium of varying thickness results in a refractive index dependent on horizon­
tal coordinates and frequency. The phase front of the seam-waves can be deter­
mined by means of the eikonal function. The amplitude functions give constant 
energy flux density along the ray path.
The variation of the seam thickness has a considerable influence on phase 
velocity and the absorption coefficient at frequencies near to the Airy fre­
quency while at high frequencies as well as the cut-off frequency the effect 
tends to zero.
At a given frequency there is an equivalency between the structures one 
being homogeneous with varying seam thickness and the other horizontally in­
homogeneous with constant thickness. In the interpretation of velocity maps 
found from in-seam tomography this equivalency must be taken into account. 
The frequency dependence of the equivalency makes it possible to verify whe­
ther inhomogeneity and thickness variation are present at the same time. If the 
tomographic picture found by means of high frequency channel wave constitu­
ents shows inhomogeneity, then the seam itself is inhomogeneous. If the velocity 
distribution found from low frequency channel wave data shows inhomogeneity, 
the adjacent layer of lower shear velocity is inhomogeneous. When the tomog­
raphic picture in these two frequency limits shows homogeneous velocity distri­
butions, at medium frequencies the tomographic map shows the variation of the 
thickness.
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Fig. 1. The geometry of the three-iayered wave-guide
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Fig. 2. Numerical results for an asymmetrical (horizontally layered) wave 
guide model
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Fig. 6. The shear velocity distribution of the coa! seam in a horizontaiiy inho­
mogeneous wave guide mode! (with constant seam thickness) equivalent 
to the mode) shown by Fig. 3. at various frequencies
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Fig. 9. The distribution of the parameter being the quaiity fac-
Qo*
tor of the coai seam in a horizontaHy inhomogeneous wave-guide model 
(with constant seam thickness) equivalent to the mode! shown by Fig. 3. 
at various frequencies
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X(X)-100
Fig. 10. The quantities characterizing the condition for the vaiidity of the 
WKB approximation (x « i) at fd -  300 Hzm
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THE PROPAGATION OF LOVE SEAM-WAVES 
IN COAL SEAM STRUCTURES 
WITH LATERAL INHOMOGENEITY -  
AN AMPLITUDE INVERSION METHOD
M . DOBRÓKA
Department of Geophysics, University of Miskolc 
H-3515 Miskolc, Egyetemváros
Abstract. The WKBJ method is used to derive the absorption-dispersion relation and the amptitude 
functions for Love seam-waves propagating in a longitudinally inhomogeneous medium. In order to 
describe the frequency dependent absorption of the guided waves the constant Q-model is appiied. 
The inhomogeneity appearing in either the eiastic moduli or quality factors is assumed to re­
main weak in the coal as well as in the adjacent layers which are assumed to be of different material 
properties (asymmetric channel). Numerical solutions of the dispersion relation are given and the de­
tectability of small inhomogeneities occurring in any of the layers is analysied. In order to determine 
the distribution of the absorption coefficient of seam-waves an amplitude inversion method is presen­
ted.
Introduction
In a lot of geological structures containing coal layer, the coal seam is a seismic 
low-velocity layer embedded in two rock layers of higher seismic velocity. As is 
known such structures can serve as wave guides (Krey 1963). As the energy of 
these guided waves at the dominant frequencies is mainly restricted to the coal 
seam, channel waves can serve as sources of information about the coal deposit. 
The seam-wave seismics, based on these guided waves is a useful mean to detect 
and locate tectonic disturbances of the seam. At the same time the absporption- 
dispersion characteristics of the channel waves are functions of the material pa­
rameters of the strata, so analysing dispersion and absorption properties of 
seam-waves we can obtain information about the coal and the adjacent layers 
(Krey et al. 1982, Buchanan 1983).
In many cases the geological structures including coal deposit show hori­
zontal seismic inhomogeneity which can sufficiently influence the wave propa­
gation. This seismic inhomogeneity can arise from actual variation of the mate­
rial composition or it can be a stress-induced one. By using the arrival times of
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head waves Mason (1981) has reported resutts of geotomographic reconstruction 
of stress-induced velocity distribution. Baranyai and his co-workers (1982) have 
detected the changes of the stress-state by means of repeated tomographic re­
construction of the velocity field in a Hungarian coal mine.
It is clear, that the horizontal inhomogeneities can have significant effect 
on the propagation of seam-waves, too. Using tomographic methods inhomoge­
neities can also be reconstructed from data of channel wave measurenents. In 
order to interpret the results it is necessary to discuss the channel wave solution 
for the equation of motion of a horizontally inhomogeneous medium. The physi­
cal composition of the Love scam-wave is much simpler than that of the 
channel wave of the Rayleigh type. Thus using the WKBJ method in this paper, 
we shall derive dispersion relation and displacement functions for Love scam- 
waves. In order to discuss unclastic friction we apply the constant Q model and 
assume, that each of the real torsion moduli and the quality factors in all the 
three layers can be functions of the horizontal coordinates.
Analytical solutions
Assuming c'"*" as a separated time factor, for transverse waves the equation of 
motion can be written as
A m2.2 2 dNAu, + Isrk^u. -  ——  ' o ' N 3x.,
du,, du.
dx. dx. = 0.
where u,, u  ^ are components of the displacement vector, k  ^ = is a formal
wave number, ß^ is a constant velocity. We introduced the body wave refractive 
index N defined as
N = ßpß '
where ß = v  ^  is the complex shear velocity, p is the mas density, which is
assumed to be constant. Referring to Buchanan (1978) in the framework of the 
constant Q model, the complex shear modulus can be written as
p. = [A * (1 + ie)
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with e = Q being the frequency-independent quaiity factor.
Fig. 1. shows the simpiified geometry where one can do anaiyticai work. 
There is a seam sandwiched between two infinite rock haif spaces. We assume, 
that in each layer the complex refractive index is a function of the two horizon­
tal space coordinates:
Nj = N.(x,.X2). j = 0,1,2.
It is well-known, that in a homogeneous three-layered medium, the channel 
wave solution of the Helmholtz-equation can be written as a product of a sepa­
rated x  ^dependent amplitude u(x^) and a function depending only on the hori­
zontal coordinates
(1) u(x,,X2.X3) = u(x .;)u*(x ,.X2).
The function u* is similar in its form to that of a body wave propagating in a 
horizontal plane. The only difference is. that instead of the refractive index
Pocomputed for a body wave the n = —  channel wave refractive index appears inc
it
u ^ j^ .X g )  ^ u ^ e ^ o " ^ ] * !  * ^ 2*2).
so that
s = (Uj,U2, 0), U] = " ^ u ,  U2 = e,u
c being the phase velocity of the Love seam-wave, e = (c^^ .O ) the propagation 
vector.
We assume that this separability of the vertical and horizontal coordinates 
remains approximately valid also in (horizontally) weakly inhomogeneous me­
dium in the sense, that the amplitude function Uj(x ,^ bf n) in the j-th layer de­
pends mainly on the x  ^ coordinate and -  through the Nj, n refractive indices -  
it has only a slight (implicit) dependence on the horizontal coordinates. This 
gives the possibility to fulfil X], X2 dependent boundary conditions. On the other 
hand in the horizontal plane we use ray theory. Constructing the function
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u*(Xp X2) and discussing the vaiidity of the soiution we negiect the slight 
(x^ x^) dependence of the u ampiitude distribution.
Introducing the notation -  N v. we can transform the equation of motion 
to the form
A X,2,2. 2 dN ^ k(2) Av. + hrk^Vj -  — - — —  = V.  ^  ^ ' N dx  ^ dXj '
_2_dN dN 
dx  ^dx  ^ N
2 dN dN 
N dx  ^ dXj ^
the right hand side of which can be taken as a small quantity in weakly inhomo­
geneous medium, so that
(3)
* M2.2. 2 dNAv, + N^krv. -  — --------- = 0.' 0 ' N  dx  ^ dXj
The body wave solution of the equation of motion in inhomogeneous media has 
been well discussed (Cerveny and Ravindra 1971, Deschamps 1972). Using the 
results published we can write the zero-order solution of equation (3) as
v, = -exv. V2 = e,v
with
J 3
\/S f
e'"oW,
where
W = /N ds
(4)
1 , Í! l l
ds2
1 '2
e*= ^  grad W
ds is the arc length along the ray. r^  ^  are the principal radii of the curvature 
of the wave front, where the W eikonal function is constant.
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According to equation (1) we seek the channei wave solution of (3) in the 
form
v! - e ^ .  V2 = e ,v
with
(5)
where
v(x,.X2,x J  = u(Xg) -^ -e^ O ^ ,
V"
W = J*nds
e = — grad W n
ßon = —  is the channei wave refractive index, c being the locai phase veiocity of 
c
the Love seam-wave, G has the same form as given in equation (4).
Substituting the function (5) to equation (2) (negiecting the derivatives of 
G) we obtain the equations
d^uC)
(6) dxi
(N^ -  n2)k^u(i) = 0
(j = 0, i, 2) if the inequality
^j(*,.X2) =
N2 - n 2
*  grad n^ n -  —  An -  2 2n - g r a d n + - A N  +
P )
án1 / áN dN. N , ^—  - e - —  + e ,---- j — - e - —  + e ,— ) - 2 [ - e ^  + edn s / áN őN « i
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is met. The quantity ^  characterizes the validity of the channci wave soiution 
given by (5) in each iayer. On the other hand it is a measure of the inhomoge­
neity. When the inequaiity 'i ' « 1 is fuifilled we can speak about weak inhomo­
geneity with respect to the seam-wave soiution.
In this zero-order WKB.) approximation the dispiacements of the Love 
channei wave in the j-th layer can be written as
and j = 0, 1, 2.
Equation (6) is similar to the one derived by Krey (1963). The only diffe­
rence is, that the refractive indices bb and consequently n are slightly dependent 
on the horizontal coordinates. Solving (6) we find the amplitude-depth function 
to have the general form
For the quantities and Bj we obtain equations by means of the boundary con­
ditions: the Uj, u^ displacements as well as the 032 stress elements are con­
tinuous at the rock-coal interfaces. The set of linear algebraic equations, 
found on this basis has nontrivial solutions only if the following equation holds
u^ i) = -egU^), u^) = e,u^)
with
0
(8)
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This is the complex dispersion relation for Love seam-waves propagating in a 
three layered, asymmetrical (N, #  N2), horizontally inhomogeneous medium in 
which dissipative effects are determined by means of the constant Q model. In 
equation (8) the x,, x^ dependence of the refractive indices N^, N,, and con­
sequently that of the solution n as well, must remain weak so as the condition 
(7) must be fulfilled.
In the limit Ng-* N, (symmetrical case) equation (8) gives the dispersion 
relation derived by Buchanan (1978) and by Krey et al. (1982).
Numerical results
The complex roots (n = n* + in') of the (8) absorption-dispersion relation can be 
determined numerically. At fixed values of the complex body-wave refractive 
indices Np = 1 -  i 0.05, N, = 0.5 -  i 0.01, N2 = 0.4 -  i 0.01 numerical results 
are shown in Fig. 2. Here n* stands for the real channel wave refractive index,
a = -k,.n' is the absorption coefficient of the Love seam-wave, = ——— is
^  2ßjQj
that computed for body-waves in the j-th layer. Fig. 2. shows, that at high fre­
quencies the channel wave solution tends to the body-wave solution n* -*
Re {No}, a -* a '^ . In this case -  as also in the symmetrical one discussed by
Buchanan (1978) and by Krey et al. (1982) the properties of the seam-wave 
are determined by the coal seam. As shown by Fig. 2. there is no guided wave 
solution of the (8) dispersion equation below a cut-off frequency (f,d = 100 
Hzm in the present case). Using a phase recursion algoritm Raeder et al. (1984) 
presented dispersion curves for various layer sequences, among them also for 
asymmetrical three layered loss free medium. Their result demonstrate the exis- 
tance of the cut-off frequency. For Love seam-waves propagating in three 
layered, homogeneous linearly elastic medium the cut-off frequency was given 
by Dobróka and Ormos (1982) as
tg 2k , d  V ^ - N ^  =
2irf
in the case, when N, k^ ,  = "pT 
can be extended to a lossy medium as
. By means of equation (8) this result
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e4ik
' - z .
! + Z .
with
Fig. 2. shows, that the properties of the channel wave at frequencies ciose to 
(but greater then) the cut-off frequency are determined by the adjacent layer of 
higher (real) body-wave refractive index, that is n* -* R e{N J, a -* a ^  in our 
numerical example.
In order to show the influence of the inhomogeneity on the channel wave 
solution let us assume a shear velocity inhomogeneity in the coal seam to have 
the form
C(,(X) = 1000 [l + 0.25exp
where X = *  is the length measured along the ray in units of the half thickness 
d
of the seam. Fig. 3. shows the phase velocity of Love seam-waves at various fre­
quencies found by the numerical solution of equation (8). It can be seen, that at 
low frequencies the channel wave phase velocity in inly slightly influenced by 
the inhomogeneity while at higher frequencies the effect can be considerable. 
This is also shown in Fig. 4. In consequence of a small variation of the shear ve­
locity of the coal seam there appears a variation in the channel wave phase ve­
locity which can be approximated as
The derivate -----  shows the sensitivity of the phase velocity concerning coal
d e .
seam velocity inhomogenities. We can calculate this derivative numerically. As 
Fig. 4. shows this function tends to zero at the cut-off frequency. This means,
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that the inhomogeneities of the coa) seam cannot be detected by means of Love 
wave veiocity measurements using frequencies near the cut-off frequency. The 
curve shows, that there exists an optima] frequency to detect coa! seam veiocity 
inhomogeneities, where the variation of the Love channel-wave veiocity can be 
more than twice iarger than that of the body wave. Note, that this frequency is 
near the Airy frequency, which is 300 Hz in our case.
if we assume that the shear veiocity in the upper adjacent iayer is a func­
tion of the form
C ,(X )=2000 [! + 0 .2 5 e x p ( - y ^ ) ]
and C, < C2 (where C2 is the shear veiocity of the iower adjacent iayer) we find 
the phase veiocity soiutions for Love seam-waves shown by Fig. 5. it can be 
seen, that the inhomogeneities of the adjacent rock of iower seismic veiocity 
influence the seam wave propagation mainiy at frequencies near the cut-off fre-
dvquency. This is aiso shown in Fig. 6. where the derivative — -  is piotted as a
dC j
function of the frequency.
By means of the numericai soiution of the dispersion equation, it can be 
shown that in sufficiency asymmetrical channeis (where the shear veiocities of 
the adjacent iayers differ more than 20 %) the inhomogeneities of country rock 
of the higher shear veiocity have oniy a siight effect on the seam-wave veiocity. 
These inhomogeneities can not be determined by means of channei-wave veio­
city measurements.
If we investigate the sensitivity of channei wave absorption coefficient con­
cerning variations of the quaiity factor of the coai of of the bedrock iayers, by 
means of the compiex dispersion equation we can find similar resuits. Fig. 7. 
shows the variation of the absorption coefficient of the seam-waves in the case,
when the quantity e = ^  is a function of the dimensioniess coordinate of the
form
=(X) = 0.05 [i + 0 .2 5 exp
Fig. 8. shows the derivative — rrr, where a ^  is the absorption coefficient com-
d a ^
puted for body waves of the coai. It can be seen, that the relative variations
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caused by the quality factor inhomogeneities of the coa! seam large oniy at fre­
quences near to or higher than the Airy frequency.
These numericai resuits show, that the phase veiocity and the absorption 
coefficient of Love seam-wave are determined by the coai pane! at high fre­
quencies (above the Airy-frequency) while at iow frequencies (near to the cut­
off frequency) they are influenced mainly by the adjacent rock of lower shear 
velocity. So filtering the high frequency constituents from the channel wave- 
group by means of tomographic method the distribution of the refractive index 
inhomogeneities of the coal scam can be determined. The required data are the 
travel times
rence of the coal panel. If the frequency used is close to the cut-off frequency, 
the tomographic picture will show the inhomogeneities of the adjacent layer of 
lower shear velocity. If the layer sequence is appreciably asymmetric the 
channel wave arrival times are not sensitive to the small inhomogeneities of the 
adjacent rock of higher seismic velocity. Note, that these inhomogeneities can 
be determined by means of the first arrivals.
An ampiitude inversion method
As it was shown earlier, the displacement of the Love seam-waves in WKBJ 
approximation can be given as
where Z is a local quantity depending upon the x^ coordinate, the frequency 
and the refractive indexes of the layers. !n an in-seam seismic transmission 
measurement the amplitude spectrum of the seismogram can be written as
u - ZG — e — j* ads g — i (mt — k p / n * ds)
V "
UjK *  Cj(u)) Gjx A.^((d),
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where the index i refers to the geophone. K refers to the shot point, F^((n) is the 
source spectrum, C;(M) is the coupiing coefficient between the geophone and its 
surrounding, G ^  is the geometrical spreading factor. The quantities
Ajj^  = exp
are the terms referring to the attenuation of Love seam-waves. They piay roie of 
principal importance in the inversion of amplitude data.
The source spectrum and the coupiing coefficient does not contain giobai 
information about the strata, so they can be eliminated without any loss of in­
formation. We can do this elimination using a normalization process. Selecting 
one of the geophones, for example the one signed with n we can form the ratios
v = ----  in order to eliminate the source term. Similarly, selecting a shot
'* "nK
point, signed with N from the v ^  quantities we can form the ratios
_ i^K _ ^iK G„K Ajx A ^
ViN GfiK GjM A^x A ^
in order to eliminate the coupling coefficients as well. So for data
T  =  'iK In
GnKGiN'
w.'K G G ^iK^nN
found by means of the amplitude spectrum we get the equation
(9) Tlx -  RR -  Rpk + RnN '  RiN-
where the notation R.„ = f  ads has been used.
['[' i K
The conventional methods of tomography operate on the basis that each in­
put data refers to a single integral. On the contrary each T^ data in equation 
(9) are determined by four various integrals. We offer a method to solve more 
general tomographic problems in which the input data T, can be written as a li­
near combination of line integrals
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( 10) m
where arc prescibcd constants of the linear combination,
R)m= /a d s .
F]m being the raypath of the wave propagating between the shot point P j /)  and
geophon point p('*"). ds an arc iength on 1*,^ . In order to reduce the number of
parameters needed to describe the a(x^ Xg) distribution of the absorption 
coefficient we can expand it in terms of Chebyshcv poiinomiais
a(x,(u).X2(u))=X B^T,(u,)Ts(u2).
where u,, U2 iie in the range - i  < u < 1. The R,^ integrais take the forms
R!m
where
' )m
For the coefficients equation (10) give
( 12)
with
X B s( ')  = T,rs rs 1
r.s
(13) s( ')  = S Crs m rsm
In our present case instead of equation (10) we have (9), so equation (13)
gives
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s(iKnN) = s(iK) _  s(nK) ^ ^(nN) _  ^(iN) 
rs rs rs rs rs
with
s ^ )  = ;  TT^ds. S ^ )  = j* TT^ds. ...
^nK
while (12) takes the form
(14) I  B = Trs rs <K
If one has a sufficient number of independent measured data, the equations (14) 
give an overdetermined set of equations, which can be solved by means of least 
square method. After this the distribution of the absorption coefficient can be 
calculated on the basis of equation (11) in any points of the seam.
We have used this amplitude inversion method for the processing of data of 
an in-seam seismic transmission measurement carried out in a Hungarian coal 
mine in Márkushegy. A plan view of the panel surveyed and the arrangement of 
geophones and shot points are shown in Fig. 9. The seam was crossed by a fault 
of throw of 3.5 m and there was a large tectonic fault at the corner of the mea­
sured area of throw 10 m. Near the investigated coal panel there was an extrac­
ted zone (dashed area).
The reconstructed distribution of the absorption coefficient is shown in Fig. 
10. The picture has only a rather limited resolution. We can see nevertheless 
that near the faults and in the neighbourhood of the extracted zone the ab­
sorption coefficient increases. This can be interpreted as the appearance of frac­
tured zones.
Summary
In the paper WKBJ solution was given for Love seam-waves propagating in a 
three-layered horizontally inhomogeneous medium. The complex dispersion re­
lation and the amplitude function were derived. By means of the numerical so­
lution of the absorption-dispersion relation the detectability of weak inhomoge­
neities of the coal deposit and that of the adjacent rocks was analysed. Based on 
the Fourier-amplitude spectra an amplitude inversion method was proposed.
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Fig. 1. Definition of the channei parameters
THE PROPAGATION OF LOVE SEAM-WAVES... 41
Ftg. 2. Numerical resuits for an asymmetrical channel
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Fig. 3. The phase velocity of the Love seam-wave in a channel with inhomoge­
neous coal seam
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Fig. 4. The sensitivity of the seam-wave phase velocity concerning inhomo­
geneities of the coai seam
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Fig. 5. The phase velocity of the Love seam-wave in a channei with inhomoge­
neous adjacent layer (of smaller shear velocity)
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Fig. 6. The sensitivity of the phase veiocity concerning inhomogeneities of the 
adjacent iayer of smaller shear velocity
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Fig. 7. The absorption coefficient of the Love seam-wave in an inhomogeneous 
channel
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Fig. 8. The sensitivity of the channei wave absorption coefficient concerning 
the inhomogeneities of the channei
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TOMOGRAPHIC RECONSTRUCTION 
BY MEANS OF NORMALIZED DATA -  
AN APPROACH TO THE CHANNEL WAVE 
TOMOGRAPHY PROBLEM
M. DOBRÓKA
Department of Geophysics, University of Miskolc 
H-3515 Miskolc, Egyetemváros
Abstract. Channe) waves are widety used to detect and tocate heterogeneties and tectonic distur­
bances of coat seam structures. To combine the channei wave method with seismic tomography is a 
straightforward idea. !n this paper some difficuities of the channe) wave tomography problem are dis­
cussed and a specia) method is proposed for the reconstruction of the absorption coefficient of the 
seam waves using normatized amptitudes as wel) as for that of the distribution of channe) wave group 
vetocity using trave) time differences.
Introduction
As it is well known, the absorption-dispersion properties of the seam waves pro­
pagating in a multilayered geological structure are determined by the material 
characteristics of the strata and by the layer thicknesses. The dispersion relation 
and the displacement functions of channel waves that propagate in a three 
layered layer-wise homogeneous loss-free medium was given by Krey (1963). 
Using the constant Q model the attenuation of seam waves was discussed by 
Buchanan (1978), Krey et al. (1982) and Buchanan et al. (1983). The dispersion 
characteristics and the amplitude-depth functions of Love seam waves of a mul­
tilayered wave-guide was analyzed by Räder et al. (1985) while the discussion 
for Rayleigh-type seam waves was extended by Buchanan (1986). These results 
make it clear that analyzing the absorption-dispersion characteristics of seam 
waves one can find information about the materia! properties and the thickness 
of the layers (vertical inversion).
The assumption of the homogeneity of the layers has only an approximate 
validity. It was shown by Dutta (1963) that vertical inhomogeneities of the 
wave-guide can modify the dispersion properties. The effect can be significant 
in some geological structures containing coal seams with a continuous tranision 
layer to the host rock. In the practice horizontal inhomogeneities occur more
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frequently. The complex dispersion relation and the displacement functions for 
Love waves propagating in horizontally weakly inhomogeneous wave-guides was 
derived by Dobróka (1987). It was shown, that in a first order WKBJ approxi­
mation the displacement in the coal seam can be written as
P(*,.X2) P(*,."2)
(1) u(x,.X2.X3) = u.(x^) —  e "   ^ =*" e'("' "  "o J* " * <*'),
V n  Po Po
where Up(x )^ is the amplitude-depth function (the same in form as the one 
derived for layer-wise homogeneous structure), G is the geometrical spreading, 
n = n* + in' is the complex channel wave refractive index, a = k^n' is the ab­
sorption coefficient of the Love seam wave. MPo' is the angular frequency.
ßp is a constant phase velocity. Pp denotes the source position. The complex ref­
ractive index fulfilles the dispersion equation
(2) J4 k
p d y / N ^ 1 - Z ,  l - Z g  
1+Z,  l +Z^ '
where d = — (H being the seam thickness), = - ^  (j = 0, 1. 2 for the coal and 
the bedrock layers respectively), ß. are the shear velocities. As the N body wave
 ^ Porefractive indices arc functions of the horizontal coordinates, the n = —  realv
channel wave refractive index and the a = k^n' absorption coefficient deter­
mined by means of equation (2) -  besides of the well known frequency de­
pendence -  show also dependence on the horizontal coordinates v -  v(o). x,, X2), 
a = a(M, Xp X2).
Through the integrals _f adl, /  — the displacement in equation (1) contain
P. Po ^
information about all the points traversed by the ray path between Pp and P. 
Using tomographic methods this information can be extracted from the channel 
wave seismograms. As the channel waves show significant dispersion -  the 
phase velocity can change by a factor of two in a frequency range of some 100 
Hz -  the determination of the travel time between Pp and P is much more 
complicated than the picking of the first arrive! in ordinary tomographic prob-
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terns. On the other hand, because of the fact, that in the case of in-seam seismic 
measurements usually explosive sources are used, the tomographic determi­
nation of the absorption coefficient of channel waves requires a different 
approach as the one used in seismic cross hole absorption tomography. The sub­
ject of this paper is connected to the tomographic methods for the determi­
nation of the absorption coefficient by means of normalized amplitude data.
The ordinary- and the in-seam seismic tomography problem
In most of the seismic tomography methods as a starting point the ray theory is 
used. The traveltime of the i-th ray can be taken as
f
(3) 'i r. v
Tj being the ray path. Introducing the linearly independent basis functions <pj(r)
the s = ** slowness of the wave can be written as v
s(r) = X B. tp.(ry 
j= !
and the tomography problem can be reduced to the determination of the Bj 
coefficients of the series expansion. By means of (3) we can find
(4) tj = XB.Dj.. D - = ; < P j d l
j =  ] i j
or after linearization around the initial (reference) model
At ,= X D  AB
j = !
where Atj are differences between the measured and computed (on the reference 
model) traveltimes, ABj arc the deviations of the current B-s from their exact 
value. The most frequently used basis functions are the box-wise constant ones. 
In this case from equation (4) it follows, that
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(5) At, = I D A S
j = '
where is the section of the i-th ray path in the j-th ceil. ASj is the difference 
between the exact and the approximate vaiues of the siowness in the j-th cett.
For the absorption coefficient of the wave one can derive simitar ex­
pressions. Assuming, that the intensity of the wave can in a good approximation 
be written as
(I(o) being the intensity at the source) from data y = - ^ t n  the distribution
2 I(o)
of the absorption coefficient can be determined by means of the set of equa­
tions (Dines and Lytte t979)
(6) Ti
= /  ads. 
Ti
Linearizing the problem on a simitar way as in the case of travettime tomog­
raphy we find
N
(7) Ay; = X D. Aa..
j = t
The (5) and (7) tinear inhomogeneous atgebraic set of equations can be 
written in the common matrix form as
(8) Ax*= b*
with Ajj -  Djj the coefficient matrix, Xj -  ASj (or Xj = Aa^ ) the unknowns, and 
bj = At; (or b  = Ay;) the observations. In generat the set of equations (8) is both 
overdetermined and underdetermined at the same time. In order to find a 
unique and stabte sotution to it some criterion is needed, most frequency this is 
the teást squares criterion: the Euclidean norm of the r = A x*- b*residuals is 
extremal
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II Ax*— b*lP = minimum.
This criterion leads to the weil known norma! equations (van der Sluis and van 
der Vorst !987)
(9) A ^A x*- A^b*
If the matrix A is i!! conditioned additiona! constraints should be used. In case 
of the damped least squares this is minimization of the Euclidean norm also of 
the x unknown vector, so that
IIAx*- b*jp + X^Hx*jp -  minimum
X being the damping factor (Marqhardt 1970). This criterion results in the nor­
mal equation of the form
(10) (Aj A + Ajb*
In large tomographic problems the direct solution of (9) or (10) is not reason­
able because of the large CPU time and memory space requirements. In these 
cases iterative methods are preferred.
The row-action methods (ART) are based upon the idea of projecting onto 
subspaces defined by the rows of A; in each step of the iteration only one ele­
ment of the r residual vector is reduced. A prototype of these methods is Kacz- 
marz's algorithm. In the q-th iteration only the (j-th) cells crossed by the i-th 
ray are updated by the correction formula (van der Sluis and van der Vorst 
1987)
( 11)
x(q + ') = x(<<) 
j j n
x
k= )
An improved version of this algorithm was proposed by Dines and Lytle (1979)
, Mj A.. r(") 
x(<t+ ' )=x(<l )+-y  X -JT -L- 
' ' M .
X A?
k= ) ik
(12)
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in which an average of all the possible corrections (from various rays) to a given 
cell is calculated before updating the x ^  variable (SÍRT)-
An other class of iterative solution methods doesn't use projections onto 
subspaces defined by the rows of A. Scales (1985) proposed the use of the con­
jugate gradient method (CG in the following) for large scale tomographic 
problems. !n the initial step of the algorithm the vectors Sg = b — Axp, r^ =.
p^ =A^s^, q^= Ap^ are defined. In the k-th step of the iteration the formulae
_ (^ A )
*k +  ) "  *k +  "k  +  1 Pk 
Sk+) * ^ k " " k + ] 9 k
(13) **k+ t ^  á ^ ^ k +  1
Pk+t  = *k+ ]  + ßk+tPk 
9k + t ^  4 P k +  1
are used where the symbol (r,'r)' denotes scalar product. In this algorithm all the 
residuals s  ^= b -  Ax^ are taken into account in each step of iteration. It is im­
portant, that in (13) the matrix of the equation (8) appears only in matrix vector 
products, thus the computation (and storage) of the matrix A* A (which is dense 
even in the case of sparse A) is not necessary. Using the CG method a least 
square solution of (8) can be acheived. A similar algorithm (LSQR) was pro­
posed by Paige and Saunders (1982).
The traveltime tomography (based on first arrivals) has been widely used in 
the exploration geophysics. Using crosshole data successful experiments have 
been reported by Bois et al. (1972), Gustavson et al. (1982) and Cosma (1986). 
The results of tomographic inversion of crosshole as well as borehole-to-surface
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data has been published by Ivanson (1985). A reflection tomography method has 
been reported by Bishop et al. (1985). In mine application of seismic traveltime 
tomography was published by Mason (1981), Körmendy et al. (1986) and Gus- 
tavson et al. (1986). A successful in-seam seismic application of traveltime to­
mography for the detection of wash-outs has been reported by Jackson (1985).
The tomographic reconstruction of the absorption coefficient of the seismic 
waves is much more difficult than the traveltime tomography, since in inhomo­
geneous media the amplitudes of the waves are influenced by many other 
effects (reflexion, refraction, scattering, diffraction, multi path, etc.) besides of 
the absorption. The data in equation (6) should be corrected for these influ­
ences. The tomographic reconstruction of the absorption coefficient by means 
of modell seismic data has been investigated by Neuman-Denzau and Behrens 
(1984). Using amplitudes of a crosshole measurement the seismic transmittance 
map for the region between the two boreholes has been published by Wong et al. 
(1983). In the measurement piezoelectric transducers as transmitters as well as 
receivers were used. Only the direct arrivals (the first 4.3 msec section of the 
seismic trace after the first onset) were analyzed. As amplitude data the mean 
Fourier amplitudes in the 1 kHz-6.6 kHz frequency range were applyed. The
geometrical spreading has been corrected as y. Similar results were given by
Bregman (1986) and it was noted, that in repeated measurements the in­
sufficient coupling between the borehole surface and the transducer (receiver) 
-  even in crosshole seismic measurements -  can result in an uncertainty of 
amplitudes of the order of 50 %. It is obvious that using explosive sources in the 
in-seam seismic measurements this uncertainty is much higher. So without any 
kind of normalizations the accurate reconstruction of the absorption coefficient 
can not be expected.
Absorption tomography by means of normalized amplitudes
In an in-seam seismic transmission measurement the Fourieer amplitude of 
the signal measured by the i-th geopphone (K refers to the shot point) can be 
written in the form
Ujn(oi) F^(oj) G(oj) G-^ A.^(o)),
where F^(M) is the source spectrum. Cj(u)) is the coupling coefficient between 
the geophone and its surroundings. G ^  is the geometrical spreading factor,
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A^((o) = exp 1- /  adll is the term determining the absorption of the seam
wave. Using the n-th geophone in the geophone array as a reference we can 
form the relative amplitudes
(14)
U
V;^  = ÍKiK u
nK
independent of the source.
if the geophone coupling coefficients can in a good approximation be considered 
as nearly equal quantities C; =  than by means of equation (14) we can intro­
duce the data
(15)
for which the equations
(!6)
= J  ad! -  J* adlr,iK 'nK
are valid. As a consequence of the normalization of the amplitudes the (15) data 
refer to two seismic rays (the current and the reference rays) while in ordinary 
absorption tomography problems (without the above normalization) each of the 
T; data refer to a single ray (the T; in (6)). The tomographic determination of the 
absorption coefficient by means of differences of line integrals (double-trace 
data) requires more or less different algorithms compared with the ones used in 
the ordinary (single-trace in this sense) tomography. Using the tp(x, y) = 
T(x) T(y) products of Chebishev plynomials as base functions a possible solution 
was shown by Dobróka (1985)
(17) T ^ =  X B ( S ^ - S ^ ) .
j = l
where
'iK
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Determining the Bj coefficients by the direct solution of the normal equation of 
(17), the distribution of the absorption coefficient can be written as a series ex­
pansion by means of Chebishev polynomials. The method was used to recon­
struct the absorption coefficient of seam waves by Dobróka and Gacsályi 
(1987). Obviously the method can not be used for large tomography problems, 
because the matrix of the (17) set of equations is always dense matrix. On the 
other hand the double-trace tomography problem can also be solved using cell- 
wise constant basis functions. Following this way one can expect higher genera­
lity and better resolution.
Cell-based double-trace tomography algorithms
Though the double-trace tomography problem was introduced in connection to 
the amplitude normalization, it is obvious that the same problem arises in tra­
veltime tomography if we have no exact start times. In this case the absolute 
traveltimes tj are not correct and an ordinary (single trace) tomographic inver­
sion can give a highly distorted picture. If we use the n-th geophone as a refe­
rence, the relative traveltimes defined by the equations
(18)
* ,  dl ,  dl
S'i =  tj -  tn -f "  *  -Í "
i n
are independent of the errors of the start time. Equation (18) define the same 
double-trace tomographic problem as equation (16).
To reconstruct the absorption coefficient (or the slowness) field by means 
of normalized amplitudes (or traveltime differences) we have two possibilities: 
to solve the equations (16), (18) directly or to reduce the double-trace tomog­
raphy problem to a single trace one on an iterative way.
1. DIRECT DOUBLE-TRACE TOMOGRAPHY ALGORITHM
Using cell-wise constant basis functions the line integral of the absorption on 
the Tj raypath can be written as
I* ad l= I  a.D. 
ii j = i '  "
and similarly for the reference raypath
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N
where Djj are sections of the i-th raypath in the j-th ceil. Making the differences 
of the two integrals
Using (18) simitar equations can be derived for the travcttime differences
Introducing the notations A^ = -  D^, -  a^  (or -  Sj) and bj = T  (or b, =
8tj) equations (19), (20) can be written in the common form
This set of equations is the same as the one derived for the ordinary (singte- 
trace) tomography probtem. The onty difference is, that the so catted row-action 
methods can not be used direetty to sotve (21), because the data b*arc difference 
data referring to two ray path (the singte trace weighting factors in (II) and 
(12) are not tongcr vatid). On the other hand equation (21) can be solved di­
reetty using teást squares method, singutar vatue decomposition, LSQR algo- 
rithm or the conjugate gradient method.
N
J* adl -  /  adt = X (D.. -  D .^) a i ^  nr  r  . _ ,  u "J J
and taking into account (16) we find
N
(19) T. = X (D -  D a . < . /  'J "V j
J = '
N
(20)
with s = —. J v
N
or in matrix notation
(21) b = A x.
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NUMERICAL MODEL EXPERIMENTS
In order to test the cell-based double-trace tomography algorithms we made nu­
merical model experiments using the VAX 11/780 computer of the Geophysical 
Institute of the Westfälische Berggewerkschaftskasse. For these investigations 
we had the possibility to use the model- and data files as well as the plot prog­
rams developed in the WBK. The test can be made on the basis of equations 
(16) (absorption tomography) or (18) (reconstruction of the phase velocity from 
traveltime differences) with the same results.
For the numerical model experiments we used the velocity distribution 
shown by Fig. 1. There is a constant (5000 m/s) velocity throughout the model 
except the anomaly in the center (4500 m/s). Fig. 2. shows the positions of the 
sources (HJ) and receivers (Q). The model contains 21 x 21 cells of unit size in 
both the x and y directions (Fig. 2.). The traveltimes were calculated for all the 
raypathes defined by Fig. 2. (from each of the shot points to all geophone 
points).
For the sake of comparability Fig. 3. shows the velocity distribution re­
constructed by means of the (absolute) traveltimes (1764 data). The (single 
trace) conjugate gradient algorithm proposed by Scales (1985) was used in 20 
iterations. It is well-known, that the CG algorithm has appreciable sensitivity 
for the noise of the observations (Kawata and Nalcioglu 1985). This is demon­
strated also by the Fig. 4., which shows the reconstructed velocity distribution 
using traveltimes perturbed with 1 % random noise.
In order to reduce the noise-sensitivity of the CG algorithm Kawata and 
Nalcioglu (1985) proposed the damped least squares method, that means to 
solve equation (10) by means of the CG method. As the matrix A^ A + X^T in 
this equation is dense, in the case of large data sets this procedure can not be 
used. On the other hand it is well-known, that the set of equations
result also in the (10) normal equation with arbitrary X (van der Sluis and van 
der Vorst 1987). So we use the quantities
A*
with the sparse A* matrix, having the new set of equations
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A*x*=b**
which can again be solved using the CG algorithm proposed by Scales (1985) for 
large data sets. The solution obtained on this basis is the damped least squares 
solution which was proposed for the reduction of the noise-sensitivity by Kawa- 
ta and Nalcioglu (1985).
As an alternative the use of an a  trimmed filter was proposed by Gerszten- 
kom and Scales (1988) for the reduction of noise-sensitivity of the tomographic 
algorithms. Fig. 5. shows the effect of the filter in case of noise-free data 
with a  = 0.5 (median filter). We used this filter together with the above 
(damped least squares) conjugate gradient algorithm (with X = 1). Using 1 % 
noisy data the reconstructed picture on Fig. 6. shows sufficient improvement.
In order to test the direct double-trace tomography algorithm the travel­
time differences of (18) were calculated on the model (Fig. 1.) using the receiver 
No. 1. (Fig. 2.) as reference. The total number of the 8tj = t. -  t  ^ data was 1680. 
The (20) equations for this problem was solved by means of the above CG algo­
rithm. The reconstructed velocity distribution after 20 iterations is shown by 
Fig. 7. Comparing Fig. 7. to Fig. 3. it can be seen that the double-trace tomog­
raphy algorithm has slower convergence. Fig. 8. shows the result after 50 itera­
tions. This picture is the same as the one shown by Fig. 3. Using the a = 0.5 fil­
ter in the case of noise-free (difference) data set the double-trace tomography 
algorithm gives the velocity distribution shown by Fig. 9. which is the same as 
the one (Fig. 5.) found in the case of the single-trace CG algorithm (using abso­
lute traveltimes). To characterize the noise-sensitivity of the direct double-trace 
algorithm we used the same traveltimes (containing 1 % random noise) as in the 
case of Fig. 6. and computed the 8tj differences relative to the receiver No. 1. 
The velocity distribution reconstructed by means of the direct double-trace to­
mography algorithm (using again the a  = 0.5 median filter and the damping 
constant X = 1 in each CG iteration) is shown by Fig. 10. The result is the same 
as the one in Fig. 6.
Comparing Fig. 8. to Fig. 3. and Fig. 10. to Fig. 6. it can be seen, that with 
the help of the direct double-trace tomography algorithm the velocity model can 
be reconstructed by means of traveltime differences with an accuracy and stabi­
lity similar to the one obtained in the case of the single-trace (absolute tra­
veltime) tomographic algorithm.
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2. ITERATIVE TOMOGRAPHIC RECONSTRUCTION BY MEANS OF 
DOUBLE TRACE DATA
As is well-known the row-action methods show relatively small sensitivity for 
the noise of the data set. This is very important from the practical point of view. 
In order to make it possible to use ART and SIRT methods for the tomographic 
reconstruction of double-trace data it is necessary to reduce the double-trace 
tomography problem to an ordinary single-trace problem. This can be done the 
way shown by Fig. 11. As the figure shows in each step of iteration the approxi­
mate absolute traveltimes are calculated. (An other solution to the problem is 
given in a recent paper by Dobróka. Dresen, Gelbke and Rüter 1992 presenting 
a generalized ART and SIRT algorithm applied directly to integral-difference 
data.)
In order to test the iterative algorithm we used the same data set (travel­
time differences) as in the case of Fig. 7. and Fig. 8. As an initial model the (ho­
mogeneous) average velocity field was used. As a single-trace tomography algo­
rithm, in our investigations we used the conjugate gradient algorithm proposed 
by Scales (1985). The reconstructed velocity distribution (after 200 iterations) is 
shown in Fig. 12. It can be seen, that the iterative algorithm has very slow con­
vergence relative to the direct one. To characterize the stability of the iterative 
algorithm we used the homogeneous initial model with v ^  = 0.1 v ^ ^ ^ .  The 
result (after 200 iterations) on Fig. 13. shows, that the iterative algorithm has 
sufficient stability.
Conclusions
In the present paper we investigated a double-trace tomography method which 
can serve as a useful tool solving in-seam seismic tomography problems. With 
the help of the method the distribution of the absorption coefficient (or that of 
phase velocity) can be reconstructed by means of differences of line integrals 
(logarithms of the amplitude ratio or traveltime differences). Two algorithms 
were discussed: a generalized version of an earlyer proposed algorithm which 
solves directly the set of equations for differences of line integrals and an itera­
tive algorithm which reduces the double-trace tomography problem to an ordi­
nary (single-trace) one. Using synthetic data we tested these algorithms. Our nu­
merical model experiments how that both the direct and the iterative algorithms 
have sufficient stability accuracy and resolution. By means of these results -  as 
the next step of our work -  we propose the use of the double-trace tomography 
method in the processing of in-situ measured channel wave data.
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F!g. 1. Theoretical model for tomographic analysis
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Fig. 3. Conjugate gradient reconstruction resuit using absoiute traveitimes 
without noise
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Fig. 4. Conjugate gradient reconstruction using noisy absoiute traveltimes
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Fig. 5. Conjugate gradient reconstruction resuit using absolute traveitimes 
without noise. Median filter is used after reconstruction
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Fig. 6. Conjugate gradient reconstruction resuit using traveitime differences.
Median filter is used after reconstruction
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Fig. 7. Doubie trace reconstruction resuit using traveitime differences without
noise (20 iterations)
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Fig- 9. Double trace reconstruction resuit using traveitime differences without 
noise (50 iterations). Median filter is used after reconstruction
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Median filter is used after reconstruction
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Fig. í l .  The flow chart of an reconstruction tomography algorithm for re­
construction of difference data
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Fig. i 3. iterative reconstruction of double trace data (startmodel is a homoge­
neous velocity distribution: v . = 0.1 v„„.,„ 1  ^ Man average'
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GEOELECTRIC INVESTIGATION 
OF PRESSURE CONDITIONS IN COAL SEAM 
STRUCTURES AFTER EXTRACTION
Á. GYULAI
Department of Geophysics, University of Miskoic 
H-3515 Miskoic, Egyetemváros
Abstract. The pressure conditions cause effects on resistivity of rocks. Time variations of resistivity 
distribution are indirectiy reiated to the pressure conditions. Using the geoetectric seam-sounding, 
tayer transiliumination and drift-sounding techniques to survey the distribution of resistivity and its 
variation, their sensitivity and accuracy make it possibie to determine the above mentioned effect.
When the examined object is approached by underground geoeiectric measure­
ments such variations are detectabie form iittie distances which were impossible 
with the known geophysicat techniques from the surface. More important aspect 
is to obtain new underground excitation and measuring arrangements by which 
the sensitivity and resolution of electrical measurements can be increased with 
an order of magnitude.
For example it is necessary to increase the efficiency of measurements 
when the variation of resistivity is determined "in-situ" under the influence of 
pressure if we want to draw conclusions about pressure distribution and/or 
about its variation at a given time from the results of resistivity measurements. 
In the mining practice, however, the pressure variations cause only a few per­
centages in variation of resistivity in normal rocks. According to our present 
knowledge in the laboratory tests of rocks not more than 5-10 % variation of re­
sistivity was measured under the effect of 50 MP pressure.
It could be measured higher (increased) variation in resistivity than in the 
earlier case when during mining operation the rock wall becomes loose because 
of rock fracturing. When the deteriorated rock becomes reconsolidated under 
the effect of high pressure its electric conductivity should increase again. So the 
change in distribution of resistivity of rock relates to the degree of consoli­
dation and indirectly relates to the pressure distribution.
In connection with the little changes of resistivity can be measured by "in- 
situ" undergroud methods some questions arise:
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is it possibte to increase the sensitivity of the resistivity measurement to 
the ievei by which even minor variations are detectable?
-  is it possibie to "direct" the measurements and to determine the areas re­
sulting in anomalies?
-  what is the accuracy of the measurements carried out and what wiii their 
reproducibility be in time?
what is the reliability of the interpretation?
The seam-shoulding and seam transillumination methods were developed 
by the Geophysical Department are suitable for prospecting very thin layers 
[Takács 1989, Csókás et al. 1986. Dobróka and Gyulai 1986, Gyulai 1989]. To 
prove this, have a look at Figs. 1., 2., 3., where we can see the effect of resisti­
vity variation of a thin layer in a five-layer model, in Fig. 1. it can be seen for 
seam-sounding (vertical dipole arrangement) that with the increase of the resis­
tivity pg, the apparent resistivity (measurable) will also intensively increase and 
this effect will appear in greater degree for larger separation distances. So with 
this method it is possible to achieve high sensitivity to P2 even for penetration 
depth between 50 m to 150 m used in mining geophysics. It is worth observing 
in the same figure that another arrangement characterized by 100 m separation 
distance (penetration depth) is completely insensible to the resistivity variation 
of the former seam layer.
To compare with the former case the variation caused by the resistivity 
increase of the thin layer has been better illustrated in Fig. 2. which shows the 
deviations in comparison with a standard model. It can be seen that when the 
resistivity of a thin layer varies from 20 ohmm to 400 ohmm it causes 30 000 % 
increase in the apparent resistivity for R > 100 m, measured by seam-sounding 
arrangement. For roof- and floor-sounding (using Schlumberger array) this in­
crease is less than 10 %. The simplest way to compare the measuring methods is 
to examine the rate of change in apparent resistivity caused by one of the para­
meters. In order to characterize this relation we defined the so called parameter 
sensitivities [Gyulai 1989],
^PaThe thickness sensitivity: 'k = --------, ^ ' dir P.'
^  .......................... 3Pa PiThe reststwdy sensdtvtty: (p = - —.
' "Pi Pa
In Fig. 3. we can see the functions of resistivity sensitivity determined for the 
previous model. For large separation distances of seam-sounding the sensitivity
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(p2 =  2. This means that t % increase in the resistivity of the sandwitched thin 
iayer will cause 2 % increase in the apparent resistivities. On the basis of Figs. 
1-3. we can state that the resistivity and/or the aiternation of resistivity of a 
iayer surrounded by vertical dipoies can be investigated with a high sensitivity. 
This kind of iayout is very favourabie to investigate iateraiiy the surrounded 
iayer because its parameter sensitivity is iow to the other tayers. In connection 
with this we can see an example in Fig. 4. in which the resistivitiy sensitivities 
can be found concerning to a third iayer. for scam- and drift-sounding. On the 
basis of this figure we can aiso state that in this direction the floor-sounding 
has the iargest sensitivity among the drift-sounding arrays.
Figs. 4. and 5. show the investigation on reproducibiiity of seam-soundings 
on the basis of measurements carried out in the mine of Lyukóbánya. The mea­
surements of seam-soundings were made three times in one month (20. 9.; 10. 
10.; 28. 10.) in a so caüed "old drift" from which at about 200-300 m distance 
a long wait operation was done.
Fig. 5. shows the errors of covering points where the data of three mea­
surements were summarized. These errors derived from a deviation which was 
caused by the exchange between the transmitter and receiver dipoles during the 
measurements made at the same day. As it was expected the average value of 
errors were near to 0. During one measurement there was no change in the rock. 
The standard deviation (mean error) was 3 %. These data are characteristic for 
a measurement carried out in mine with an average accuracy.
Fig. 6. shows the deviations for the repeated measurements made in the re­
ference points after 18 days. The average of the deviations (3.6 %) is higher 
than that of the covering points (1.1 %). When comparing data of Fig. 4. and 
Fig. 5. we can see that the measurements could be reproduced with the same 
accuracy in time as accurate they were carried out (as it was indicated by the 
errors of covering points). The 1.1 % average result of deviations was probably 
caused by the effects of long wall operation.
If we take into consideration the ^  — 2 sensitivity value of seam-sounding 
arrangement we can state from the above that the 2 % variation in seam resisti­
vity sensitivity in time can be detected because this change results in 4 % varia­
tion of the measured apparent resistivity. However, we have also an experience 
that measurement carried out by electrodes placed 1-2 m far away the drift 
[Takács 1988] and more precise instrument than earlier makes it possible to de­
termine the time variation of the apparent resistivity with 1 % accuracy. The 
change of the resistivity of the sandwitched layer with 1 % can safely be detec­
ted by measurements of this accuracy.
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In the course of direct current interpretation if oniy one layer parameter 
should be determined the measurements on the basis an apparent resistivity 
with knowledge of its error and parameter sensitivity we may simple estimate 
the error of the parameter by the product of the measured data error and the 
reciproca) value of the sensitivity. In practice, however, we generally determine 
more parameters from sounding data simu)taneous)y. Seldom we can assume 
that the variations (according to place and time) in the measured data are 
caused on)y by the changes of one layer parameter to be investigated by us. We 
can solve the above mentioned problem with the statistical solution of the inver­
sion of gcoclcctric-soundings [Dobróka et al. 1991, Salát 1992]. It is known that 
the reliability of estimation is characterized by a covariance matrix. The ele­
ments of its main diagonal represent the errors of layer parameters.
Tables 1-4. show the results of covariance tests of individual and joint in­
version for data belonging to roof-, floor- and seam-sounding concerning to the 
model in Figs. 1-3. The correlation matrix is symmetrical to the main diagonal 
and for this reason the tables contain only one half of the matrix. The synthetic 
data were weighted on only by 1 % error, because our survey data might contain 
such error even in the best case. We assumed that the thickness of second layer 
is known which was marked with a "fix" sign in the Tables. In the Table the va­
lues of variance (5) were emphasized on the main diagonal and for characteriza­
tion of the magnitude of correlation coefficients thin and condensed shade-lines 
were used. On the basis of the calculation we can state the following:
-  many unknown seam parameter can not be determined by floor-sounding. 
The parameters are in correlation with each other but the error of interpre­
tation is unacceptably high (Table 1.).
the inversion of roof-sounding data shows a little better result than the pre­
vious one (Table 2.).
-  the joint inversion of roof-sounding and floor-sounding data abruptly im­
prove the reliability of parameters (Table 3.).
the joint inversion of the three surveys results in a further considerable im­
provement particularly in the error of P2- The high accuracy and reliability 
of P2- P3 parameters are remarkable. However, the values of p  ^ and h  ^
are undeterminable together because they are in correlation with each 
other (Table 4.).
-  the resistivity variation of the seam investigated by vertical dipole can be 
determined with higher accuracy than the accuracy of the individual sur­
veys. First of all it is due to the seam-sounding.
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We can see the measuring data of seam-soundings in Figs. 7-10. These 
measurements were made near the extracted seam of a longwaH in the Orosz­
lány coal-mine No. XX. The longwaH operations reached the protective pillar of 
main drift up to the lines of 30. 6. 1983 and 21. 7. 1982 in the Figures. Fig. 7. 
shows a contour map which was drawn from survey data before and after ext­
raction considerably differ from each other for greater investigation depths. The 
smaller deviations for penetration depth of 10-20 m were caused by the fact 
that the measurements carried out after extraction reached the extracted area 
only after the unharmed pillar of new drift.
On the basis of contour maps three zones can be separated in the plane of 
the extracted seam:
-  consolidated zone,
-  transitional zone,
-  loose zone.
The intersection of isolines before and after extraction (i.e. lines 0.2 and 0.1) 
shows the boundary between the consolidated and the transitional zone. The 
boundary of loose and transitional zones can be best marked on the basis of 
breaking points of isolines 0.05 and 0.1. The zones behind the pillar of main 
drift area relate to different pressure conditions in the seam.
The measured apparent resistivity curves for the different zones can be 
seen in Fig. 8. These curves relate to differences in resistivity of the surrounded 
layer. In this figure the positions of electrodes were indicated in relation to the 
extracted area.
In Fig. 9. an apparent resistivity contour map can be seen which was const­
ructed from survey data after extraction near another face. In this map the 
breaking points of isolines can also be observed near the pillar which indicate 
the boundary of loose and transitional zones.
Fig. 10. shows the deviation map of the same measurements. The deviations 
were calculated in comparison with the so called normal (undisturbed) values. 
Near the pillar a significant positive anomaly was found. In this Figure the 
above mentioned triplicate structure can also be found in the plane of the seam 
with similar distances of zone boundaries:
-  consolidated zone, 
transitional zone.
- loose zone.
In the consolidated zone the broken rocks entered into the extracted seam 
where they compacted under the effect of high rock pressure. Behind the area 
of pillar the higher resistivity relates ro a looser zone and a lower rock pressure.
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The two surveys data show that the consolidation was the same after one 
year of extraction at about 100 m distance from the protective pillar in the 
plane of the seam. Futhcrmore behind the transitional zone and near the the 
pillar -  at about 50 m distance form it -  there is a looser rock with higher resis­
tivity. The pressure conditions are reflected by the degree of consolidation and 
the change in resistivity. After determining the resistivity the pressure condi­
tions can be given by maps. For this mapping two kinds of geoelectric measure­
ments are recommended at present:
-  the so called geoelectric seam-sounding and the
— seam transillumination method.
These two methods are suitable to investigate the distribution of resistivity.
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F!g. 5. Errors of covering point in seam-sounding
90 Á. GYULAI
Fig. 6. Variations in seam-sounding data in time
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Table 1. Interpretation of floor-sounding with covariance test
Pi P2 **2 P3 **3 P4 h4 Ps
Pi 596 -0 .99
. . . . .... .......
fix 0.98 0.93 0.98
-- ' ' !
P2 184 fix -O.W -^).95 -0 .95 0.96 0.99
^2 fix fix fix fix fix fix
P3 9.4 0 9 4 0.94 j}^$94 -0 .98
**3 116 0.99 -0 .99 -0 .98
P4 1550 -1 .0 -0 .98
^4 1840 0.98
Ps 315
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Table 2. Interpretation of roof-sounding, covariance test
Pi P2 **2 P3 *^3 P4 h4 P5
Pi 4.6 '
fix ".97 0 84 0.64 -0.64 0.36
P2 40 fix -0.87 -0.67 0.68 -0.39
2^ fix fix fix fix fix fix
P3 214 0.92 0.74 -0.75 0.45
**3 600 0.94 -0.95 0.73
P4 4600 -1.0 0.89
4^ 5000 -0.88
P5 19
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Table 3. Joint inversion of floor- and roof-sounding
Pi P2 *^ 2 P3 **3 P4 h4 Ps
Pi 0.73 -0.87 fix 0.33 -0.04 -0.02 002 002
P2 2.6 fix -0.39 005 002 -0.03 013
*^ 2 fix fix fix fix fix fix
P3 0.46 001 0.27 -0.26 012
**3 17 0.99
. \- 
-0.99 0.81
P4 266 - ^  ' *-x: 084
h4 290 -0.85
PS 3.1
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Table 4. Covariance test of joint inversion for floor-, roof- and seam-soundings
Pt P2 2^ P3 3^ P4 h4 P5
Pt 0.32 0.03 fix -0.08 0.06 0.05 -0.06 0.00
P2 0.20 fix 0.00 -0.18 -0.13 0.20 -0.28
**2 fix fix fix fix fix fix
P3 0.42 0.36 0.31 -0.31 008
15 0.99 -0.99 0.76
Pa 270 -0.99 0.80
4^ 290 -0.80
P5 2.4
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DETERMINATION OF FAULT'S POSITION 
IN MINES USING DIFFERENT NORMS 
IN INVERSION
10!
B. HAJAGOS and F. STEINER
Institute of Mathematics -  Department of Geophysics 
H-3515 Miskolc, Egyetemváros
Abstract. A reasonabte demand on inversion is to achieve the smaMest possibie deviations of the 
caicuiated data from the measured ones. A crucia) question is, which measure (norm) is acceptable as 
the appropriate one for the set of deviations as a whole to enable one to judge quantitativety whether 
the deviations are large, smaH or minimum.
A simpte situation is supposed (viz. a fautt mode) and measurements in mines with a gravity 
meter) in order to show as clearly as possibte that significantty different re)iabi)ities of the inversion 
may occur depending on the norm apptied. The Monte Car)o method was used for investigating 
various error distributions to be ab)e to draw some genera) conctusions.
Two simi)ar)y behaved series of norms were investigated (P^ and P^* ) to the vatues )/2; ); 2;
and 3 of the defining parameter k (the formulae are given in the second part of the Appendix). Two 
reahzations (L[ and L2) of the wet) known Lp-norm were a)so tested. )t turned out that inversion 
algorithms based on Lg, i.e. the so-cahed [east squares technique, cannot be recommended for genera) 
use.
Keywords: gravity measurements in mines; inversion; L] -norm; Lg-norm; P^-norms; P^* -norms; 
error distributions; probabte error; Monte Carto investigations.
Introduction
Let us consider an exploration moJei but wifitoar the numerical values of all the 
model parameters. Naturally, measurements must be carried out to have tiara 
containing sufficient information about the unknown model parameters; rAis in- 
ybrmarion, in expiicir /orat, L o//ered r/te inversion a/gorirAm.
In the majority of cases the more measured values there are the more exact 
are the resulting model parameter, thereby showing the essentially statistical 
character of the inversion. Consequently, from the statistical point of view. rAe 
norm of the deviations piays a %ey ro/e in the inversion algorithm.
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The task of the present paper is to show that the choice of the norm may 
have a great influence on the error of the inversion of gravity data measured in 
mines. The aimost exciusive use of the L^-norm even nowadays (i.e. the predo­
minance of the so-called least squares principle) has become unjustifiable: the 
aspect of the simplest computability is increasingly losing its importance. The 
present Monte Carlo investigations will show that from the statistical point of 
view the L^-norm would be the worst choice for general geophysical purposes.
Monte Carlo investigations
1. APPLIED METHOD OF MONTE CARLO INVESTIGATIONS
For simplicity, let us suppose that the position of a fault must be determined 
(say to enable the break of a coal seam to be planned correctly) and for this 
purpose gravity measurements are carried out at several points in the mine with 
a good quality gravity meter. The corrections must also be made very carefully 
to achieve a probable error of q = 0.01 mGal. This concept of probable error 
was introduced by Bessel in 1815 in the sense of the semi-interquartile range.
The model parameters d.a , h,(p , z^ (see Fig. 1.) and the density contrast p 
define the fault. The spatial net of the measurement is also shown in Fig. L: the 
limited range (where measurement is possible), can be covered with more (54. 
see the corresponding points in Fig. 1.) and less (12) measuring points (the latter 
are those points enclosed within circles). One of them being the base (B), we 
have n = 53 or n = 11 measured values of the g-differences denoted by g^ .
Fig. 1. shows a regular net of stations; if, instead, an irregular net is 
supposed neither the computing technique nor the theoretical consequences 
need be changed. Let us add on that account that by the inversion of measure­
ments carried out in the field as usual -  and not only in a mine as supposed in 
the present paper-, the vertical coordinate of the stations must sometimes also 
be taken into consideration, see e.g. Appendix 1. in Steiner and Zilahi-Sebess 
1988.
To be quite concrete, the chosen values of the model parameters must first 
be gi^n: d, -  28.5 m; = 32°; h , ^  -  9.2 m; <p,^ = 80°; z . , ^  = 22.8 m; 
Ptrue = 0-7 t/m . The values Ax = 5 m, Ay = 8 m and Az = 10 m define the net 
of stations (see Fig. 2., where the open circles are the stations in the (x, y)-p!ane; 
the heavy line is the track of the just defined fault). In the hypothetical (but vir­
tually impossible) case when no errors occur, we should measure the g ,^  values 
given by Tables 1. and 2., where the corresponding point coordinates are also 
given. (The g ,^  values can be calculated e.g. according to Jung 1961 see p. 192.)
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As for the occurring errors the a priori known q-vaiue of 0.01 mGal 
was fixed but unexpected effects may distort even the originally symmetric 
error distributions to asymmetric ones -  naturally with the simultaneously 
occuring distortion of the q-value. Fig. 3. shows the density functions for 
q -= 0.01 mGal of five well known symmetric probability distributions (see the 
formulae in Appendix Al), and an asymmetric one, too. (This latter occurs if 
the value of -0.05 mGal can be superimposed with a probability of 0.2, other­
wise an unshifted Gaussian distribution of a probable error of q = 0.01 mGal 
characterizes the error situation).
In the case of the Laplace distribution the density function is too peaky to 
be accepted as a proper model of an actual error distribution. On the other 
hand, the Jeffreys distribution is so near to the Gaussian that neither the Lap­
lace- nor the Jeffreys distribution was utilized as an error distribution in the 
present Monte Carlo investigations. The remaining four error distribution types 
enabled us to draw the most important conclusions.
And what about the norms? After all, the characteristics of the norms are 
the most important for us in the present paper.
The simple formulae of ten norms are given in Appendix A2 (L,; L2; Pj. 
Pj* ; P, P * ; P(-, P<^  ; P„, P,*); the general formulae are also given for L^, P^
and P^ * . The P^- and P^ * -norms listed in pairs (with the same k-value) exhibit 
similar behaviour independently of their quite different formulae. Further expe­
riences are required for deciding if P^ or P^ * is more suitable (in certain as­
pects the P^ * -norms seem to have some advantages, see Section 3 and Appendix
A3). The variant denoted with an asterisk can be regarded temporarily as a dup­
licate of the P^-norm, -  and we shall then have only four P^-norms (or four 
P^ * -norms) instead of eight.
These four norms (in both variants) differ from each other only in the va­
lue of constant k; this means that the calculations can be made with just the 
same program. This statement by no means holds in linearized cases for diffe­
rent Lp-norms, i.e. for the L ^  and for the L2-norm. Curiously enough the calcu­
lations of the linearized cases are similar if the L2-norm is compared with the 
P^-norm (and with the P^ * -norm): by minimization of the latter weighted least
squares algorithms are to  be carried out (for details, see Steiner 1988) whilst 
the L,-norm is usually minimized in such cases by means of linear prog­
ramming.
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After this tedious preparation a simpte block scheme of the Monte Cario 
investigations can be given. Firstly as a series of decisions (Fig. 4a.); and after 
this concretizing, N times the catenations according to the block scheme in Fig. 
4b. were carried out.
2. AN ASYMMETRIC ERROR DISTRIBUTION
The reader may perhaps be astonished at first glance: Why do we not treat the 
well known symmetrica! error distributions first. Because: a) The <r/a?a are 
nearly always asymmetrically distributed even if they are from a symmetrical 
distribution (except when n is extremely high consequently the data also show 
the symmetry); b) The flanks (tails) of an actual error distribution can predomi­
nantly be generated by a substantially asymmetric effect (in our model: unde­
tected cavities beneath some stations may cause an asymmetric distribution 
such as is illustrated in Fig. 3.); c) Biased inversion results caused by the asym­
metry give us the best chance to show the different behaviour of the norms.
Monte Carlo investigations were carried out choosing one, two, three and 
more model parameters as unknowns (sec Fig. 4a.) but the visualization of the 
inversion results makes difficulties even if only two model parameters are 
chosen as unknowns, say d and a.
In the case of n -  53 and N -  24. Figs. 5. and 6. show the fault lines 
obtained by inversion using norms L2 and L,. respectively. The true fault line is 
indicated by a heavy line in both cases.
Which results are better? The totality of straight lines is obviously nearer 
to the true fault line in the case of the L,-norm, consequently in this situation 
L, works better than L2. Instead of the clumsy Fig. 5.. the "L2" stripe in Fig. 7. 
shows more clearly the statistical essence: here lie half of the lines (i.e. 12), and 
right and left of the stripe are equally 6 (as in the interquartile range). The same 
is demonstrated in Fig. 7. for the P^-norm: this range is much less biased (the 
P„-norm being adequate for long-tailed cases); it should also be mentioned that 
the two ranges for P„ and L2 do not even cover each other. The simplest de­
monstration of the results is the halving "median lines" (see Fig. 2.). This de­
monstration shows that L, is better than L2 but P„ is even better than L,; this 
figure, however, gives no information about the statistical fluctuation of the re­
sults.
Let us return for a moment to Figs. 5. and 6. The fault lines indicated by 3 
belong to the same simulated measurement, i.e. to the same data. Although we 
see that d  ^ is nearer the true value using the L2-norm for this selected actual 
error realization, a conclusion formulated as "practice has verified that the use
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of the Lg-norm is better than that of the L,-norm" was evidently false: statisti­
cal methods must be judged statistically. For real statistical conclusions, how­
ever, N must be significantly greater than 24 thereby increasing the difficulties 
of the demonstration. As the intention of the authors is to present the different 
behaviour of the norms used in inversion algorithms in the clearest possible 
way, it seems necessary to use only one unknown model parameter throughout 
and this will be the distance d (as perhaps the most important one from the 
practical point of view).
Choosing N = 500, Fig. 8. presents for all ten norms the interquartile and 
intersextile ranges of the inversion results (dg means: calculated d); their me­
dians are also indicated. (The intersextile range contains 2/3 of the data; left 
and right are 1/6 of them. These intervals are indicated by dashed lines; the 
length of the intersextile intervals is usually denoted by 2Q, that of the inter­
quartile ones by 2q).
Although Fig. 8. shows equally the statistical fluctuation and the shifts 
(bias), it is convenient to demonstrate the latter separately, too. The values in 
Fig. 9. need no comment: they make an immediate judgement possible.
At the end of this section it should be stressed -  disregarding for a moment 
the significant differences -  that the results for all norms show the great /?ower 
of the statistics: half of the error-free measuring data are between 0.017 and 
0.047 mGals (i.e. q ^ ^  = 0.015 mGal for the g , ^  data), even their maximum 
value is only 0.081 mGal (see Table 1.). and these values are practically just the 
same as those that are characteristic for the errors. (The density curve of the 
asymmetric error distribution is illustrated again in Fig. 8.; the interquartile in­
terval is between -0.022 and +0.007, i.e. q ^ ^  = 0.015 mGal not differing from 
Itrue' nor does the occurrence probability around -0.08 mGal vanish either). The 
first impression may perhaps be not to risk any inversion in such circumstances; 
Figs. 8. and 9. show, however, that using the P„- or P^ * -norm we can get inver­
sion results even with a shift of only one metre or of a metre and a half and 
with a probable error of only q = 2.5 m.
3. TESTING THE EFFECT OF OUTLIERS
Comparing the error-free data in Tables 1. and 2. with the probability densities 
of the asymmetric distribution used in the foregoing (and illustrated in Fig. 8.), 
it seems perhaps to be justifiable to regard this case also as a "Gaussian + out­
lier" model. (The probability of the occurence of absolute error values greater 
than four times the probable error of the "regular" Gaussian amounts to 15 %).
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ín order to test the effects of outtiers a/one. we take (using n = 53) n -  n ^  
error-free data, and n ^ , randomiy chosen data are muitiptied by !0 (this effect 
can occur as a resuit of erroneus typing: one zero is omitted behind the decima! 
point). The vaiue n ^  is equa! to 1. 2, 5, !0 and 30. (in the trivia) case of 
n^„ = 0 aii ten norms wouid naturaiiy give the same inversion resuit d ,^ .)
Fig. i0. shows the behaviour of the I^-norm (the thin iines show aiso the 
whoie range of the inversion resuits): a singie outiier can be enough to cause se­
rious systematic distortion of the inversion resuits. (The whoie range of the re­
suits at n ^  = i reaches the d ^ ^  vaiue because a zero vaiue is aiso present in 
Tabie i. and the muitipiication of this by Í0 naturaiiy does not generate an out­
iier.) By increasing the number of outiiers, using the L^-norm in the inversion 
algorithm, we get more and more quite unreai and misicading resuits.
It is known (Steiner 1988) that if we use k = 3 (in our notation: using Pj) 
the statisticai efficiency by the Gaussian error distribution is very near 100 %. 
it can be perhaps supposed therefore that Pj shows behaviour simitar to L^.
Fig. 11. (n^m = iO) shows the contrary: the resuits are much iess influenced 
if we use Pj or Pj* instead of L^. The eniarged scate of Fig. i2. shows that the
effect of outiiers neariy vanishes if k is decreased to !/2: the ranges of the in­
version resuits can hardiy be seen even by eniargement.
Theoreticaiiy. it is very interesting that the P^- and P^ * -norms can work
successfuiiy even if the number of outiiers is greater than 50 % of n (see Fig. 
i3.); it is cieariy seen that this statement does not hoid for the L^norm. It is ai­
so noteworthy that the P^ * -norms arc significantiy iess influenced by outiiers 
than the P^-norms with the same k-vaiue.
As for the sign of the shift (bias): Tabie i. shows -  with one exception -  
oniy positive vaiues, therefore the outiiers (generated by muitipiication by Í0) 
are greater than the true vaiues, and greater g^j vaiues naturaiiy resuit in iess 
d  ^ distances as from the point of view of the "measured" data system the fauit 
seems to be nearer. Simiiariy, it was ciear in Section 2 that the shifts caused by 
the investigated assymmetric error distribution arc in generai of positive sign.
4. FREQUENTLY USED ERROR DiSTRiBUTiON MODELS
After the 'loading test" carried out in Section 3 oniy with outiiers, the effect of 
some weii known error distributions shouid be studied. We suppose that no out­
iiers are present. (A "mixed" case has aiready been treated in Section 2.)
Which type of errors shouid be supposed? Let us first iook at the distribu­
tions in Fig. 3. The density function of the Lapiace distribution is too peaky to
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be accepted as suitable model of the actuai error distribution (this was already 
mentioned earlier). There are scruples of opposite sign in the Gaussian case: the 
flanks (tails) here are uncrealistically short (some references concerning this 
fact are given in Table 1. in Steiner 1988). Notwithstanding these sceptical opi­
nions, the Gaussian case should be investigated as this is the limiting case of the 
"very well behaved" real distributions.
If the Gaussian is investigated, on the one hand, as a "too good" (seldom 
occurring) distribution, we are obliged, on the other hand, to investigate the 
Cauchy type, too, which has heavier tails than the mostly occurring error distri­
butions but it is not a member of the very long-tailed category. (Landy and Lan­
tos 1982 and 1991 have shown that the Cauchy type can serve as a suitable mo­
del of real geophysical cases.) Finally, we show the results for the so-called 
"geostatistical distribution" which is best regarded as a typical one in our dis­
cipline (Dutter 1986/87).
Figs. 14-17. give the interquartile and intersextile ranges of the calculated 
d-values (d^) including their medians, for n = 11 and n = 53. and for Cauchy 
and Gaussian type error distributions, respectively. (The actually applied N-va- 
lued is given in each figure.)
Let us first consider Fig. 16. which belongs to the Gaussian case. The inter­
vals (i.e. the uncertainties of the inversion results) are smallest if we use one of 
the norms L^. Pj or Pj* . The intervals of P and P* seem to be insignificantly 
larger whilst L, shows significantly worse inversion results. Not surprisingly the 
norm-pair P„ and P„* has given the worst results: the Gaussian distribution is 
really very far from the "very long-tailed" distributions.
The opposite situation is shown for the Cauchy distributed data in Figs. 14. 
and 15. in the sense that the L^  -norm and all P^- and P^ * -norms, respectively,
work very well; however, shockingly large probable errors of the inversion re­
sults are caused by the L2-norm.
The comparisons of the other, i.e. of the not too different, interval lengths 
in Figs. 14. and 15. were tedious. One can say. perhaps, that too small differen­
ces are not worth studying. But what is, in the statistical sense, too small? The 
following short train of thought will show that the demonstration of differences 
in Figs. 14-17. (by means of direct presentation of the error intervals) cannot be 
regarded as adequate neither statistically nor in practice.
The well known "1 / y/n-law" of statistics is, in geophysical practice, ne­
arly always fulfilled (an extreme exception to this rule is shown in Figs. 14- and 
15. for the results obtained by using the L2-norm; to be more precise, the
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1 / \/n-!aw is valid only if the asymptotic variance of the given estimations is fi­
nite for the distribution type in question). According to this law the errors are 
asymptotically proportional to 1 / yH. Although n = 11 and even n = 53 cannot 
be accepted as "very large numbers", Fig. 18. shows on three examples (based 
on the interval-lengths in Figs. 14. and 15.) that the fulfilment of this law can 
really be supposed. The values at the abscissa 1 / \ / H  are in general -  not only 
by the examples shown in Fig. 18. -  somewhat less than would correspond to 
the straight line defined by the origin and the point at 1 / \ / 53, but this is the 
consequence of the fact that the 12 stations characterized by the points en­
closed by circles in Fig. 1. "cover" the same volume from the point of view of 
the measurements of the g-differcnces somewhat better than the set of 54 sta­
tions.
After this successful check we can calculate -  on the basis of the already 
known interval-lengths -  the data surplus needed for the same accuracy that 
was achieved in the best case of the actually investigated sets of Monte Carlo 
results. Both from the statistical and from the practical points of view this value 
is the most important one and can be calculated as
surplus data needed (in per cent) =
^min
(compare Steiner 1990, equation 5-102).
These quantities are seen in Figs. 19-21. respectively for Gaussian, for geo- 
statistical and for Cauchy type error distributions. The value of N was chosen to 
be sufficiently large to suppress the Monte Carlo uncertainties and consequently 
to get a distortion-free picture of the behaviour of the norms in the inversion al­
gorithms.
The P^-norm (with the realizations Pj, P, P<- and P^) is flexible enough, i.e. 
we can always choose the appropriate realization, and the characteristic quanti­
ties shown in Figs. 19-21. do not jump if we (or better nature) change an error 
distribution type to a neighbouring one. This last property is called robustness; 
the P^ * -norm also appeared robust and flexible. The importance of robustness is
obvious: even if very poor information is available about the actual error distri­
bution, the inversion will not be too far from the statistically optimum case, 
choosing the appropriate P  ^ or P^ * -norm. And if nothing were really known
about the distribution type of the errors, the standard variants of these norms 
(P or P*) can be used without the danger of catastrophic consequences.
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Geophysics often works with modcis characterized by a large number of 
model parameters. In the majority of cases linearization seems unavoidable and 
this results both by the P^-. and by the P^ * -norms in algorithms which are very
similar to the well known least squares technique, i.e. to the minimization of the 
L2-norm. (Unfortunately the use of the L,-norm in the inversion needs a quite 
different algorithm.)
Conclusions
Various types of error distributions may occur in geophysical practice, espe­
cially if the data are measured in mines. In the presence of outliers our program 
for inversion must be able to handle even very long-tailed distributions.
The flexibility and the robustness of the P^-norms make it possible to have 
inversion results near the optimum (in respect of reliability) even if very poor a 
priori information is available about the actual type of error distribution. (The 
same is valid for the P^ * -norms which are defined quite differently but seem to
behave in a very similar way.) According to the Monte Carlo results based on a 
simple gravity model and presented in the paper it is sufficient to work with one 
of the following four k-values: 1/2; 1; 2 or 3.
The L^-norm -  as the statistical kernel of the inversion -  generally per­
forms reasonably although we naturally cannot speak about its flexibility, and in 
linearized cases a special computational algorithm is needed. On the other hand, 
to minimize the P^- and P^ * -norms we can apply in such cases the "ready­
made" program for weighted least squares calculations. The least squares tech­
nique itself (i.e. the minimization of the L^-norm) cannot, in its original form, 
be recommended for general use.
Appendices
The first Appendix (Al) summarizes some information about the distributions 
cited in the paper; in A2 the formulae are given of all the norms used in the 
Monte Carlo investigations. In Appendix A3 a simple train of thought is given 
about the different influence of outliers on the minimum value of P  ^ and P^ * .
Al. DENSITY FUNCTIONS IN STANDARD FORM OF SOME WELL 
KNOWN PROBABILITY DISTRIBUTION
Besides the formulae of the standard density functions also given in the follo­
wing are the corresponding probable errors (q ,^) and the dihesions. (The defi­
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nition of the e dihesion is given, for example, in Steiner 1988; Csernyák 1973 
has shown that the dihesion of the actua) distribution is the probabie error of 
the "most similar" Cauchy distribution using a simpie criterion of similarity 
based on the Schwarz inequality; Hajagos 1982 and 1991 has shown that the si­
milarity is the best also from the viewpoint of information theory.)
Distributions 2,3 and 4 arc. respectively, the members for a = 2; 5 and 9 of 
the so-called "f^(x) supermode!" defined by
The case of a = 5 can really be called "geostatistical distribution" as Dutter 
1986/87 has shown its density curve to be typical in geostatistics.
A2. NORMS
For the norms the following general formula is valid (see e.g. Tarantola
fjx ) = n(a) (1 + x^) ^
with n(a) as the norming factor:
1987):
(here and in the following Xj means the deviation).
The P^-norms are to be calculated according to the expression
(see Steiner 1990 or the Table at the end of the book Steiner 1991). 
The definition of the P^ * -norms is
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(see Hajagos and Steiner 1991). In the case of the P^- and Pj" -norms the quan­
tity e (called "dihesion") must satisfy the condition
n 3X^ -  E^
X ^ ---- —  = 0
i =  ! (e^ +  X ^
(see e.g. Steiner 1988); if the type and whatever kind of parameter of scaic of 
the Xj-s is a priori known (as was always supposed in the present paper: q = 0.01 
mGal was a known quantity), the dihesion is aiso defined; see, for example, the 
last two columns of Table 3. in Al.
If nothing is known about the dihesion. E must be determined on the basis 
of the Xj-s by the just given conditional equation. As Csernyák ct al. 1988 have 
shown, the relative asymptotic scatter (A^/e) of this estimation is given by 2 
for Cauchy distributed errors, and by 1.4 for the Gaussian case; for the geosta- 
tistical distribution it is 1.5. In this sense -  strictly speaking -  the supposition of 
an a priori known E corresponds to n -* oo but this is practically attained al­
ready at not too large n as the robustness of the P^- and P^ * -norms also con­
cerns the limited sensitivity to the changes of the E-value applied in the norm 
formulae.
P  ^ and P^ * show similar behaviour for the same value of k but at present
there is insufficient practical inversion experience to be able to decide which 
has the more advantages. (For the difference from the viewpoint of the resis­
tance, see A3.) For the time being, parallel treatment seems to be preferable.
The statistical behaviour of the norms depends upon the distribution type 
of the deviations Xj. Consequently, in Table 4. not only arc the mostly used 
realizations of the norms given but also those error distribution types (called 
"eigen-distributions"), too, for which the norm works optimally, supposing the 
simplest case, i.e. when direct measurements are made for a simplest case, i.e. 
when direct measurements are made for a single unknown. (Sec Steiner 1988, 
where the formulae of asymptotic variances, efficiencies, etc. are also given. The 
nomenclature in the cited reference is different as "M-fitting" is written for the 
minimization of the P^-norm, and the result of it in the just mentioned simplest 
case is denoted by M -  and by M* using the P^ * -norm; these quantities are
called "most frequent values". The term "M-fitting" is used, for example by Sil­
va and Cutrim 1989; Dobróka et al. 199! utilize the expression "MFV method", 
based on the initials most frequent value.)
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In the case of the P^- and Pj* -norms the indices refer cieariy to the "ei­
gen-distribution" of the norm in question. If k = 2. no index is written because 
this case is regarded as a standard one: if nothing is a priori known about the 
type of error distribution, the use of this realization is recommended. It schould 
be mentioned, too, that inversion carried out by the P^- or P^ * -norm lead to the 
least squares technique if k -* oo.
A3. INFLUENCE OF OUTLIERS ON THE VALUE OF THE MINIMUM
NORM, I.E. ON THE UNCERTAINTY
The norms L, and P^ * are defined originally as sums and after squaring the L2-
norm also has such a form. (The inversion means a minimization, and the 
squared expression clearly has just the same minimum as the original one.)
After iogarithmization we also have the P^-norm in the form of a sum. For. 
a /neture about the working of the norms in the case of large X^  de­
viations, Fig. 22. shows the curves of the four u(X)-functions: in every case
n
const. X v(Xj) is minimized during the inversion procedure. 
i=  t
The parabolic v-function of the L2-norm expiains the supersensitivity of 
the L2-norm to outliers. The situation is far better in the case of the L^norm 
which has a simple linear v-function but the v-function of the P^-norms is even 
more advantageous: this (monotonic) function has in the range of the great X- 
values a decreasing slope for increasing X-values. The Pj* -norm seems to have 
the best behaviour as its v-function does not go beyond a wet) defined limit.
Our statements relate primarily to the va/ue of the norm. The influence of 
outliers on the Tw'fu'fnKm /?/ace is fortunately much less and therefore it is justi­
fiable to speak about the resistance of algorithms which are based on P^-norms 
or on the Lj -norm. The minimum value of the norm, however, is a characteris­
tic of the error of the measured data, and if such information is needed (e.g. no 
a priori information is available about it), then we must know more about the 
outlier-influenced minimum norm-values, too.
As a first step we must know something about the theoretical values of the 
minimum norms if no outliers arc present (see Table 5.)
In the case of P^- and P^ * -norms these minimum values are called "uncer­
tainties" and are denoted by U^ and U,J ; similar to the norms, index C is used 
if k = I, index J is used if k = 3 and so on. Besides the uncertainties Table 5. al­
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so contains the scatter o (i.e. the minimum value of the Lg-norm) and the mean 
absoiute deviation conventional denoted by d (i.e. the theoretical vaiuc of the 
minimum of the L,-norm). To faciiitate comparison, the dihesion e. the semi-in- 
terquartile range q and the semi-intersextile range Q are also given. (For the de­
finition of Q: the occurence probabiiity of vaiues in the intersextiie range of 
length 2Q is 2/3. and that of greater and less values equally 1/6.) It is worth 
comparing the minimum norms with the Q-values since generally (but not al­
ways!) these are near one another. (Gross exceptions show only o and d.)
For simplification, we suppose in the following that instead of the outliers 
having all the same value = v - g we should have X = q without outlier-ge­
nerating effects. This supposition gives our following formulae an approximative 
character. The ratio of outliers is denoted by n ^ /n .
The outlier-distorted (denoted by U ^ ^ )  will, according to the foregoing 
(and based on the general formula 
cator in the form
1
instead of
1
Here, the quantity w means the quotient q / e, which depends only upon the type 
of original error distribution; for the Cauchy type w = 1, for the Gaussian w = 
0.7289, etc., see the q- and e-values of Table 5. Consequently, the distorted va­
lue will be
of the P^-norm given in A2), have a multipli-
+
(yl 2
k
M
2
k
"out
2n
2n
% u t  = LV
1 +
2 "out
2n
t ' j
(w '
2
k
and the distortion A U ^ , itself (calculated as the surplus in per cent) is the fol­
lowing:
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i +
u,
A"k;.u,= '00
k;out
u .
M
k
2 "out 
2n
=  100 -  I
! + (w*k
(see the curve in Fig. 23. for k = 1 and n ^ / n  = 1/11; here and in the following 
examples Gaussian error type is supposed, consequently w -  0.7289 must ai- 
ways be substituted).
Similarly. in the sum we have
out
2 e (k ^  +  i )  —
v^
" 3k2 + v2
instead of
2e(k^ + 1) w
" 3k^ + w2'
Consequentiy,
out v2 w
3k^ + v^ 3k^ + w^
+ u ; ,
and the distortion:
AU^.„ = 100
u,k:out -  i 200E ( k ^ + 1 )  "out
u ;
v^ w2
3k^ + v^ 3k^ + w^
%.
This curve (see a!so in Fig. 23.) aiready shows the asymptotic value at relatively 
small v-values.
Monte Carlo investigations were carried out with the gravity model treated 
in the present paper. The results are marked in Fig. 23. with open circles confir­
ming that our approximations are satisfactory in both cases.
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The abscissa of the intersection point of the two curves is weii defined for 
every pair of k- and n ^  / n vatues (see Vp in Fig. 23). if v > Vp, the uncertainty 
U^ * is !ess distorted than U ;^ in the case of v < Vp the opposite is vaiid. For a 
fixed vaiue of k, say for k -  i, every n ^ , /n  defines a Vp segregating the 
( n ^ /n ,  Vp) plane into two hatf-ptanes: on one of them the U^ * uncertainty is
less distorted, on the other it is (see Fig. 24.). The tendency is cleariy seen 
(as was already expected on the basis of Fig. 23.) that in the range of very great 
outliers the uncertainty U^ * is less distorted, i.e. it also gives in such extreme 
cases reliable information about the measuring errors.
Fig. 23. also shows the maximum AU^*^ distortion. For v —* cc it clearly 
follows that
ma*(AUk*.J =
_ 200e(k2 + 1) "<H„
i - w2
3k^ + w^.
i.e. for an arbitrary error distribution max(AU^„,) is proportional to —jj— (see 
Fig. 25. for the Gaussian type).
Fig. 25. shows, on the one hand, that for great k-values m ax(A U ^J can 
also step beyond one or two hundred per cent, too (and these maximum valued 
can be reached relatively quickly), on the other hand, however, at k = ^  the un­
certainty U j  is practically always a more resistant characteristic of the measu­
ring errors than U .^
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n = S3
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5-
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t-1 t-2 P tt
Fig. 9. Median vaiues of Fig. 8., separatety demonstrated, show more cieariy 
the different behaviour of the norms (used as the statisticai kerne) of 
the inversion algorithm).
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Fig. 18. Examples showing practical fulfilment of the "1 / \ / n  rule". (It should 
be mentioned that the error intervals for the I^-norm in Figs. 14. and 
15. show that there are gross exceptions, too.).
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Fig. 19. Surpius data (in per cent) needed to achieve optimum accuracy. The 
figure shows Gaussian errors. The simiiar behaviour of the Pj, Pj* 
and i^-norms shouid be stressed; the surpius is significant, however, 
using the L,-norm. (The disadvantageous behaviour of P„ and P^ * is
evident: the latter are the norm variants for very iong-taited error 
distributions.)
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n = 11
geosfatistical 
N = 500
20-
10 -
L. L: 3 'S* P P* ? P* ?, ?*
Fig. 20. Surplus data (in per cent) needed to achieve optimum accuracy. The 
figure shows geostatisticai type errors.
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n=11 
Cauchy 
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Fig. 21. Surplus data (in per cent) needed to achieve optimum accuracy. The 
figure shows Cauchy distributed errors.
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Fig. 23. Bias in two types of uncertainties caused by outliers (v = X ^ ,/e ; e 
represents the dihesion, the outlying vaiue(s)).
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24. Ranges where the or the U^ * uncertainties are iess influenced by 
outliers.
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pending on n ^  / n and on the values of the defining parameter k.
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Tabie i .  Three co-ordinates (see Fig. 1.) and the corresponding g^g-vaiues in 
cases denoted by "n -  53".
*i
fml
Y; li
(ml Rsa__
t 0.0000 16.0000 0.0000 0.0201
2 0.0000 16.0000 -10.0000 0.0366
3 0.0000 8.0000 10.0000 0.0022
4 0.0000 8.0000 0.0000 0.0242
5 0.0000 8.0000 -10.0000 0.0416
6 0.0000 0.0000 10.0000 0.0050
7 0.0000 0.0000 0.0000 0.0292
8 0.0000 0.0000 -10.0000 0.0473
9 -5.0000 16.0000 10.0000 -0.0018
10 -5.0000 16.0000 0.0000 0.0167
1! -3.0000 16.0000 -10.0000 0.0323
12 -5.0000 8.0000 10.0000 0.0000
13 -3.0000 8.0000 0.0000 0.0201
14 -5.0000 8.0000 -10.0000 0.0366
13 -5.0000 0.0000 10.0000 0.0022
16 -5.0000 0.0000 0.0000 0.0242
17 -5.0000 0.0000 -10.0000 0.0416
18 5.0000 16.0000 10.0000 0.0022
19 5.0000 16.0000 0.0000 0.0242
20 5.0000 16.0000 -10.0000 0.0416
21 3.0000 8.0000 10.0000 0.0050
22 5.0000 8.0000 0.0000 0.0292
23 5.0000 8.0000 -10.0000 0.0473
24 5.0000 0.0000 10.0000 0.0087
25 5.0000 0.0000 0.0000 0.0353
26 5.0000 0.0000 -10.0000 0.0540
27 10.0000 16.0000 10.0000 0.0050
28 10.0000 16.0000 0.0000 0.0292
29 10.0000 16.0000 -10.0000 0.0473
30 10.0000 8.0000 10.0000 0.0087
31 10.0000 8.0000 0.0000 0.0354
32 10.0000 8.0000 -10.0000 0.0340
33 10.0000 0.0000 10.0000 0.0136
34 10.0000 0.0000 0.0000 0.0430
35 10.0000 0.0000 -10.0000 0.0617
36 15.0000 16.0000 10.0000 0.0087
37 15.0000 16.0000 0.0000 0.0354
38 15.0000 16.0000 -10.0000 0.0340
39 15.0000 8.0000 10.0000 0.0136
40 15.0000 8.0000 0.0000 0.0430
41 15.0000 8.0000 -10.0000 0.0617
42 15.0000 0.0000 10.0000 0.0206
43 15.0000 0.0000 0.0000 0.0526
44 15.0000 0.0000 -10.0000 0.0706
45 20.0000 16.0000 10.0000 0.0136
46 20.0000 16.0000 0.0000 0.0430
47 20.0000 16.0000 -10.0000 0.0617
48 20.0000 8.0000 10.0000 0.0206
49 20.0000 8.0000 0.0000 0.0526
50 20.0000 8.0000 -10.0000 0.0706
31 20.0000 0.0000 10.0000 0.0310
52 20.0000 0.0000 0.0000 0.0647
53 20.0000 0.0000 -10.0000 0.0808
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Tabte 2. Three co-ordinates and the corresponding g -vaiues in cases deno­
ted by " n - i i " .
i *i
(Pi)
Yi
im)
&truej
(mGa!)
1 0.0000 16.0000 -10.0000 0.0366
2 0.0000 00000 10.0000 0.0050
3 0.0000 00000 -10.0000 0.0473
4 [0.0000 16.0000 10.0000 0.0050
5 10.0000 16.0000 -10.0000 0.0473
6 10.0000 0.0000 10.0000 0.0136
7 10.0000 0.0000 -10.0000 0.0617
8 20.0000 16.0000 10.0000 0.0136
9 20.0000 16.0000 -10.0000 0.0617
10 20.0000 0.0000 10.0000 0.0310
]] 20.0000 0.0000 -10.0000 0.0808
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Table 3. Density functions (given in standard form) for some probability distri­
bution types.
Series
number
Name of the Probable Dihesion
(63)
probability
distribution
Density function error
(1st)
1 Laplace 1 - !* !2' 0.6931 0.8072
2 Cauchy
geostatistical
3
1 1
i r l + x ^
1
1.0000
0.3704
1.0000
0.48183 4 (1 + x^)2 - \ / l  +
Jeffreys
35 1
0.2498 0.33474 32 ( l + X ^ L ^ / t + x ^
5 Gaussian 1
i
0.6745 0.9254
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Table 4. Different norms applied in the present paper. The minimization of 
each norm defines an inversion algorithm.
Defining
vaiue Norm Formula
Eigen-distribution 
(for this type of error 
distribution works the norm 
in question optimally)
p -  1 L,
1 "
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p = 2 Lz Gauss
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LOVE SEAM WAVES 
IN MULTI-LAYER WAVE GUIDE 
WITH CONTINUOUS VELOCITY VARIATION
T. ORMOS
Department of Geophysics, University of Miskolc 
H-3515 Miskoic, Egyetemváros
Abstract. This study deais with the propagation characteristics of Love seam waves in a five-iayer 
medium where the veiocity in one of the iayers continuousiy changes.
the veiocity variation is approximated by a piecewise constant, increasing veiocity-depth 
function. The typicai differencies experienced in propagating of Love seam waves are iiiustrated by 
comparing the dispersion curves and the ampiitude-depth distribution curves caicuiated for different 
modeis of wave guide channeis.
On the basis of this study gives comments on designing of surveys in a mine and on 
interpretation of surveys data.
Introduction
In order to apply the so-called recompression in reflection method or e.g. velo­
city tomography in transmission method at the processing-interpretation phases 
of in-seam seismology the knowledge of dispersion distribution is required. So 
the effective applications of these methods partly depend on the suitable choice 
of the wave guide channel (Baki ct al. 1988, Brcitzke 1992).
In the in-seam seismology practice, however, the simplest three-layer mo­
dels are widely used because their calculation is relatively easy. However, the 
real geological structures -  particularly in the case of Eocene-Miocene-Pliocene 
coal deposits in Hungary -  are too complicated for us to use these simplest mo­
dels for interpretation. Several studies deal with the investigation of Love seam 
waves developed in different wave guide channel models (Dobróka and Ormos 
1983, Räder et al. 1985, Ormos 1985, Buchanan 1987, Dobróka 1987 a, b, c, 
Bodoky et al. 1986, Bodoky et al. 1990, Krcy 1963, Drcscn 1985). The common 
feature of these studies is that the layer sequence including the coal seam is 
treated as homogeneous, isotropic layers separated by parallel planes from each 
other. In several cases, however, experience shows that the continuous velocity
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variation of iayers should be a better approximation of the reality. Tins is parti­
cularly valid for the underlying layer.
In the following section we would like to give an answer to the question of 
what kind of mistake we make if a layer of continuous velocity variation is 
substituted by a constant velocity layer.
The mode! of a wave guide channe!
As a basis of our investigations the model type developed by Ormos (1985) for 
Borsod Coal Field was chosen. In this model the layers were sandwitched by two 
half spaces. One of the layers is the coal seam itself, and the other one is the 
substratum with a thickness commensurable with that of the seam. In both 
layers the shear wave velocity is lower than the velocity in the two half spaces. 
Model parameters:
Layer number Velocity
(km/s)
Density
(g/cm^)
Thickness
(m)
1. (upper half space) 2.0 2.5
2. (coal seam) 1.0 1.5 2.0
3. (foot) 1.1-1.9 1.8 4.0
4. (lower half space) 2.0 2.5
The third layer -  directly the foot -  is a transitional layer, that is the velo­
city of the transversal wave propagating in it is between 1000 m/s and 1900 m/s. 
Assuming linear velocity increase the third layer was built up from the series of 
layers of the same thicknesses and characterized by piecewise constant veloci­
ties. Fig. lb. shows this kind of wave guide channel model. For the purpose of 
comparison a traditional velocity-depth channel model function was plotted as 
well (Fig. lc.).
Calculation of characteristic functions of Love seam waves
The propagation conditions of seam waves can be characterized by the disper­
sion and amplitude-depth functions. We can find a solution for the calculation 
of dispersion and amplitude functions of homogeneous, isotropic, non dissipa­
tive horizontally-layered media in the study by Räder et al. (1985).
The essence of this method is to find in a recursive way such frequency- 
phase velocity pairs of the reflected and horizontally polarized transverse
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transmitted waves in the horizontaHy-iayered medium by which this waves meet 
in the same phase resuiting in constructive inference. As we can find such a so­
lution for one frequency with severai phase velocities so the seam waves must 
have several modes. However, on the basis of surveys carried out in mines it can 
be stated that only the first two modes have practical importance. The above 
mentioned functions can be determined for arbitrary number of layers as well.
With the knowledge of phase velocity-frequency function both the group 
velocity-frequency and the displacement depth function in the planes perpendi­
cular to the boundaries can easily be calculated.
Approximation of a layer with continuous velocity variation 
by the series of layer elements
On the basis of the above fact the calculation of dispersion and amplitude-func­
tions of Love seam waves propagating in wave guides containing a layer of con­
tinuous velocity variation was traced back to a multi-layer case where the indi­
vidual thin layers were characterized by constant velocity. The question of at 
least how many thin layer elements have to be applied instead of the layer with 
continuous velocity variation to get negligeble changes of dispersion curves in 
the function of further refinement at the frequency range required in practice 
can most easily be answered by the comparison of results obtained from the se­
ries of calculations made for this problem.
In Fig. 2. and 3. the third layer of continuous valocity variation was divided 
into 10 and 15 elementary layers of the same thicknesses. The channel models 
can be seen at the right top comer of figures. In the two figures there is only a 
minor difference between the functions in the frequency range which can be ta­
ken into consideration for practical use. The presented comparison proves that 
in our case ten elementary layers gives a good approximation.
Approximation of a iayer with continuous veiocity variation 
by a iayer of constant veiocity
As it is accepted in practice we can fit piecewise constant square function on 
interval velocity data where a layer of "geological size" corresponds to one step 
of this function. In this way the continuous velocity variation of layers is cha­
racterized by a value of average velocity. In this case the continuous velocity va­
riation of the layer was modelled as it can be seen if Fig. lc.
Fig. 4. shows the dispersion functions which were calculated for this model.
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When comparing the functions of Figs. 3. and 4. a considerable discrepancy 
can be seen between their runoffs. The most conspicuous differences are bet­
ween the functions of second modes, in Fig. 4. the group velocity function has 
three extreme values while in the presence of a layer with continuous velocity 
variation it has only one. At frequencies belonging to these extreme values more 
energy proportion will propagate in the seam waves -  this is the so-called Airy 
phase -  than at other frequencies. (It has decisive importance in practical use.) 
In consequence of the above fact we should expect the occurrence of some 
"seam wave packages" separating from each other more or less in the medium 
which is built up from constant velocity layers. In wave guide which includes a 
layer with continuous velocity variation seam waves will appear in a wider fre­
quency range and spread better in time. For the dispersion functions of above 
mentioned two models the frequency bands belonging to the Airy phases consi­
derably differ from each other.
The normalized displacement amplitude functions of models Fig. lb. and 
Fig. !c. can be compared with each other at three frequencies in Fig. 5. and Fig.
6. respectively. We can find considerable differences between the run-offs of 
amplitude functions particularly at lower frequencies which are. how ever, not 
so remarkable as in the case of group velocity-frequency functions.
Comments on processing and interpretation of seam wave 
surveys data
Depending upon the geological and technical purposes of surveys the processing 
and interpretation of measurements can set geophysicist to solve different prob­
lems.
In the course of the solution of geological tasks (e.g. fault location) it is ne­
cessary to recompress the seam waves because of the dispersion and in fact this 
operation is a deconvolution filtering by using the inversion of dispersion 
relation (Breitzke 1992). If we use a dispersion relation to determine the filter 
calculated on the basis of an inappropriate model false reflections can appear in 
the recompressed channels so the danger of misinterpretation can not be avoi­
ded.
When we want to derive the elastic moduli of rocks from the characteris­
tics of dispersive seam waves we could reach our purpose by the inversion 
of group velocity-dispersion functions (Dziewonski et al. 1969). However, the in­
version techniques also demand the knowledge of the appropriate model because 
in the lack of it we get false results.
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The fore-mentioned two examples also prove that it is necessary to know 
the model type of wave guide in any case to get an appropriate and reliable in­
terpretation of data of seam-wave seismic surveys. We can obtain this informa­
tion by direct surveys (Dobróka et al. 1991, Ormos 1988).
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l f s "4  i!s 
—[ Velocity 
(km7s)
Depth (m)
c/
Fig. 1. Models of Wave Guide Channels, a) with a layer of continuous velocity 
variation, b) with a layer of continuous velocity variation made up from 
elementary layers, c) with a layer of continuous velocity variation mo­
delled by constant velocity layer
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Frequency (1/s)
Fig. 2. Dispersion function of Love seam waves in a medium of continuous ve­
locity variation. The underlying layer was divided into 15 elementary 
layers (continuous line denotes the 1st mode, the dotted curve corres­
ponds to the 2nd mode)
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Frequency (I/s)
Fig. 3. Dispersion function of Love seam wave in a medium of continuous velo- 
city variation. The underlying layer was divided into 10 elementary 
layers (continuous: 1st mode, dotted: 2nd mode)
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Frequency (1/s)
Fig. 4. Dispersion function of Love seam waves in a horixontaiiy iayered media 
with constant veiocities (continuous: ist mode, dotted: 2nd mode)
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IN-MINE EXPLORATION OF COAL SEAMS 
BY THE ELECTROMAGNETIC FIELD OF A 
BURIED VERTICAL A.C. ELECTRIC DIPOLE
E. TAKÁCS
Department of Geophysics, University of Miskolc 
H-3515 Miskoic, Egyetemváros
Abstract. The paper presents an in-mine elctromagnetic nmltifrequency method for the explo- 
ration of inhomogeneities in the seam and hostrocks based on the measurements of the field-strength 
components of a vertical electric dipole situated within the seam.
The effect of the layering -  especially of the seam -  and of the latera) inhomogeneities is 
treated to the frequency-dependence of the field-strength components. By increasing the frequency 
they are more and more influenced by the seam or by the rocks near to the equatorial plane of the 
transmitter dipole. For the investigation of the seam the vertica) electric and horizontal magnetic 
components measured inside the seam are the most suitable especially at high frequencies. 
Inhomogeneities of the host-rocks can be detected by the horizontal electric component measured at 
the boundaries of the seam. In the latter case the volume of the investigation depends on the 
separation and frequency.
A very simple procedure is given for the determination of the average specific resistivity of the 
"sheet" along the common equatorial plane of the transmitter and receiver dipoles. Because it can be 
deduced from some low frequency field strength values a great range of transillumination can be 
reached even in low resistivity sequence. At high frequencies the differentia] attenuation rate -  
deduced from field strength measured at two frequencies -  can be recommended for transillumination 
measurements.
The theoretical considerations are affirmed by several test measurements.
Introduction
The main goais of the mining geophysics in the exploration of coal seams are as 
follows:
-  locate zones of geological disturbance in longwal! coal panels prior to the 
start of mining operations;
examination of the roof and floor lithology changes;
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-  determination of the normal section -  the parameters of the layers- of the 
coal-bearing sequence;
-  monitoring of the time-variations in the physical state of the seam.
For such investigations the multi-frequency measurement of the electro­
magnetic field-components of a vertically oriented a.c. electric dipole situated 
within the seam proved to be very promising. The elctrodes are earthened in few 
meters long vertical drill holes in the adjacent rocks apart from the metal ob­
jects of the gangways. In such a way the disturbing effects of rails, tubes, 
supports, cables are greatly reduced. It is very advantageous that the examined 
rock volume can be controlled by changing the frequency, i.e. fixed electrodes 
can be used.
The main features of the electromagnetic field of the buried 
vertical electric dipole
1. The goals of the exploration given in the introduction can be reached by 
the measurement of the electromagnetic field components in the equatorial 
plane -  or near to it -  of a vertical electric dipole -  VED -  situated within 
the seam.
Fig. 1. explains, that the VED produces the most favourable electro­
magnetic field for the exploration of the horizontal coal seam. Frequency­
sounding curves are shown for horizontally and vertically oriented dipoles 
for the given three-layer sequence measured in the middle of the seam -  
250 Dm, 5 m -  at a separation R = 100 m. For comparison curves for the 
20 Dm uniform space are also given. The presence of the seam in the uni­
form space causes only minor changes in the curves of the horizontal elec­
tric dipole. However a drastic increase exists in the vertical electric field of 
the VED due to the effect of the seam, which with increasing frequency 
will be more and more significant.
2. It is expedient to begin the study of the frequency dependence of the elec­
tromagnetic field in uniform space.
The VED has in his equatorial plane vertical electric (E .^), horizontal 
magnetic (H^) and in outlying points horizontal electric (E^) components 
(Kaufman 1983).
Their dependence on transmitter-receiver distance (R), frequency (f) 
and resistivity (p) can be presented comprehensively by the so called induc­
tion number (B). B turns out to be the ration of R to the skin-depth (6), 
which is determined by f and p as follows: 8 = \ / l 0  ^p /f.
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In Fig. 2. amplitudes normalized to the d.c. field values and phase-angles 
are shown as function of B for E^ . and H^. Regarding the ampiitudes the d.c. 
and a.c. fields are at sufficiently low frequenceis equal, or their difference is 
negligible. With increasing frequency however the a.c. amplitude of E^ in­
crease up to the vaiue R / 8 — 1,6, where it is about 1.5-times higher, than 
the d.c. vaiue. In the same range of B curve of IH^I do not has any maximum. 
At even higher frequencies the electromagnetic energy is graduaiiy absorbed 
as reflected by the decreasing values of the curves. The phase curves indi­
cate by their changing sign, that around the VED there is a chain of current 
loops of opposite signs. From the dependence of phase on R / 8 follows, that 
taking the R separation as constant these current-systems contract laterally 
-  and vertically too -  towards the transmitter if the frequency increases.
3. It can be stated, that the frequency sounding curves in the layered space al­
so show the basic characteristics of the curves of Fig. 2. However different 
parts of the curve exhibit deviations caused by the layering. With increa­
sing frequency the volume of the current field becomes rearranged, thus 
the contribution of the individual layers to the measured field component 
changes. The effect of layering appears in the frequency sounding curve 
according to the effective resistivity of rock volume inside the current 
system depending on frequency. With increasing frequency the current 
occupies a smaller volume. Therefore the influence of that part of the space 
which lies between the electrodes of the dipoles -  i.e. of the scam -  will 
increase. The rock volume influencing the field depends besides the fre­
quency on the R separation and on the parameters of the sequence too.
Fig. 3. shows how the vertical extension of the volume -  the informa­
tion is coming from -  changes with the frequency. IE^(f)l frequency soun­
ding curves are shown in the equatorial plane of the VED situated in the 
middle of the seam at a separation of 50 m for a three- and a four-layer 
section. The four layer sequence corresponds to the geological situation 
where the triassic limestone or dolomite basement is close to the coal seam 
in various depth below it. At the highest frequencies the effect of the seam 
becomes more and more dominant. Therefore the curves for both section 
coincide. The effect of the fourth layer appears only towards the lower fre­
quencies. Over 100 kHz the lower layer of 10,000 ohmm doesn't cause any 
change even in the case h = var. = 10 m.
For the lateral extension of the zone, which has effect on the field- 
strength IE^ .(f)l Fig. 4. shows an example. An infinite vertical slab of 60 m 
transmitter-receiver separation -  both are VED -  is in a horizontal plane in
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the middie of the s!ab. Ampütude curves for the 250 ohmm homogeneous 
medium and for the inhomogeneous model are shown. At the highest fre­
quencies the curves for homogeneous and inhomogeneous case coincide or 
iie ciose to each other because, as a resuit of the iatera) contraction of the 
current system, the tow resistivity part of the space has no effect on the 
fieid strength. Practicaiiy at frequencies higher than about 200 kHz the 
eicctromagnetic fieid concentrates in the higher resistivity siab. At a given 
frequency the width of the iaterai zone having an effect on the measure­
ments becomes wider with increasing transmitter-receiver separation and 
siab resistivity.
4. The effect of the resistant seam appears mostiy in the verticai eiectric and 
horizontai magnetic component especiaiiy at higher frequencies.
in Fig. 5. ampiitudc and phase frequency sounding curves for are 
shown for the same three- and four-iayer sequence as in Fig. 3. with reia- 
tion to E^. Sounding curves corresponding to the 20 ohmm homogeneous 
whoie space are aiso presented.
According to Fig. 5. in the three-iayered section the quasi-stationary 
vaiucs of IH I^ increased approximate^ by one order due to the effect of 
the seam. With increasing frequency the effect of the seam becomes more 
and more significant. However it is for IH^I much icss, than for IE^ [. The 
IH^I curves do not have -  even in the presence of the seam -  any maxima. 
However such maxima can be aiways found on the lE^ I curves. This maxi­
mum increase with the increase of the seam resistivity and of the seam 
thickness. Such a maximum is a very favourable feature since it makes IE.J 
more measurable. The situation is similar on the descending part of the 
curves, because the IEJ curve becomes iess steep than that in the homoge­
neous space. For exampic, at 40 kHz IE^ .] turns out to be higher, than at 
d.c., while IH I^ is oniy about one-third of its d.c. vaiue.
The situation with H^ is more favourabie regarding the phase. For 
example the E^ phase vaiues are very smai! beiow Í0 kHz and therefore the 
seam has an effect of oniy a few degrees. In the same frequency range the 
phase of H^ has higher vaiucs and the seam procedures a weii detectabie 
phase decrease.
On the basis of frequency sounding curves shown in Fig. 5. the effect 
of the fourth iayer -  a resistive basement -  can be estimated. Above 40 
kHz practicaiiy there is a coincidence between the three- and four-iayered 
curves. It means that the fieid -  vaiues at this R are influenced mereiy by 
iess than Í0 m stripes in the roof, and in the floor.
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5. Due to the geometrica) sounding effects the response of the seam depends 
on R. too. Fig. 6. shows the relative increase of the quasi-stationary IH^I 
and IEJ values due to the seam -  250 ohmm, 5 m -  situated in a 20 ohmm 
homogeneous whole space as a function of R.
6. From practical points of view it is an essential problem to study the effect 
of changes in layer parameters on the different field components in the 
equatorial plane of the VED situated in the seam. In order to get such an 
information the parameters of the three-layered section were alternatively 
increased by 10-10 p.c. and the amplitude -  changes were calculated for 
different frequencies and transmitter-receiver distances. The result is given 
for IH^I in Fig. 7. and for )EJ in Fig. 8. The absolute value is affected 
mostly by the seam resistivity and this effect increases with increasing fre­
quency and transmitter-receiver distance. An increase in the seam resitivity 
P2 causes an increase in both amplitudes. The changes in IH^I and in lE^ I 
are similar. At low frequencies an increase in the seam thickness results in 
a decrease in both field intensities, while at high frequencies the effect is 
reversed. Any increase in the roof or floor resistivity decreases somewhat 
the absolute values. In a certain frequency range depending on the layer pa­
rameters the effect due to the roof and the floor is a minimum. This re­
markable fact could be applied for the monitoring of physical processes 
within the high-resistivity seam.
7. On the frequency sounding curves of the field strength or phase the above 
mentioned effects of layering or inhomogeneities can be discovered only if 
the curves belonging to the layered model are matched with the curve of 
the uniform space for comparison. Because for the same section the shape 
of the curves and the position of the quasi-stacionary and descending parts 
along the axes are depending on separation to make our conclusion about 
the geological sequence by comparison is rather difficult. The information 
on layering can be enhanced, however, if the frequency dependence -  also 
appearing in the uniform medium -  is removed from the original curve. In 
other words a transformed curve -  pj* (f) apparent resistivity curve -  is 
constructed. Using this transformation we obtain for the uniform medium 
pj* (f) = constant = p ^ ,. that is a straight line parallel to the abscissa.
To this transformation we use the curves of Fig. 2., which show in uni­
form space the dependence of the values of the a.c. field strength normali­
zed to the d.c. field strength, and that of phase shift on the ratio of the se­
paration and the skin depth (R / 8). To each special points -  characterized
166 E. TAKÁCS
by their position to the phase vaiue -  given R / 5 ratios are attached. On the 
measured curves in a layered section we can find the same points at a cer­
tain frequency. To that frequency therefore beiongs an R / 8 ratio. Having 
known R and f an apparent skin depth -  8^  -  and then an apparent specific 
resistivity -  p,* (f) -  can be calcuiated by means of the formuia (Vescv 
1965)
Pa* (f) = 3 .9 4 .1 0 -6  5^.
Pa* (f) turns out to be the specific resistivity of the uniform space, which at
the given separation and the frequency substitutes the layered volume in­
fluencing the induction processes. This volume is of course frequency-de­
pendent too. The phase can be especially well used for the determination of 
the apparent resistivity, as it changes monotonously after the first zero 
crossing, and its values are restricted ro the range of ±90°.
In Figs. 9. and 10. the frequency dependence of apparent resistivities 
calculated by using the phase-curves of E^ and H in Fig. 2. for the three- 
layer section for several separations are shown. Increasing the frequency 
the current-system due to the VED -  situated in the 250 ohmm middle 
layer -  will be contracted towards the equatorial plane. In this way the re­
lative effect of the seam in the apparent resistivity is more and more 
emphasized, leading to an R-dependent dynamic increase of the apparent 
resistivity toward higher frequencies. At larger R the frequency depen­
dence is more significant, especially in the case of H .^. It is remarkable fea­
ture, that the apparent resistivity in a section -  determined frequency 
range -  in our case at 4-9 kHz -  hardly depends on R. In exploration of 
seam inhomogencities by crossed ray transillumination, when R changes 
with the ray direction, this phenomenon can be well applied.
We can conclude, that for determination of apparent resistivity values 
in the values in the whole frequency-range the H^ amplitude-curves seem 
to be more suitable, because -  on the contrary to the IEJ curves -  they do 
not have any maximum. The phase of H .^ is also measurable at lower fre­
quencies, and the H^ phase is characteristic to the layering. In spite of the 
above mentioned facts nevertheless IEJ is recommended for the lateral 
transillumination exploration owing to its increased field intensity in the 
seam and to the less influence of the metal objects in the roadways.
8. The approved methods for studying lateral inhomogencities arc sismic and 
electromagnetic tomography or d.c. reconstruction (Dines 1979, Csókás
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1985). The types of measurements can be carried out only if the relative 
position of transmitter and receiver can be changed in a sufficiently wide 
range to obtain as many crossing transilluminating radii as possible. It may 
happen, however, that this kind of measurement is unaccomplishable and 
the space between or in the vicinity of the dipoles can only be studied using 
a given fixed array. The question arises whether frequency sounding might 
have a role in detecting lateral inhomogeneities in such cases.
To deal with the problem 1 have carried out physical and numerical 
modelling for a variety of situations. The models chosen are simplified; 
they are, however, suitable for recognizing, as a first step, the basic charac­
teristics. The conclusions obtained can be used as a basis for extending the 
study to more complicated cases. In every discussed case vertical electric -  
grounded -  transmitter and receiver dipoles in an equatorial array are con­
sidered.
In view of the fundamental behaviour of p.* (f) it can be expected that
at lower frequencies the effect of the more distant environment of the d i­
poles manifests itself as well; then, with increasing frequency, it reflects 
more and more the resistivity distribution in the closer vicinity of the 
transmitter.
In one of the cases studied. 20 and 250 ohmm media can be found at 
two sides of an infinite vertical interface. The array with a constant trans­
mitter-receiver separation -  R = 100 m -  has different positions related to 
the interface. The direction of R is perpendicular to the interface. The 
amplitude curves are shown in Fig. 11. The curves corresponding to the 
different positions obviously lie between the curves of 20 and 250 ohmm 
homogeneous space, respectively. As long as the array is in a medium of 
the same resistivity the high frequency asymptotes of the curves coincide. 
It means that an increases is frequency causes a decrease in the effect of 
the adjacent halfspace. With decreasing frequency, on the other hand, its 
effect increases. This is the reason why the maximum becomes more en­
hanced on approaching the low resistivity halfspace from the higher resisti­
vity one. At the same time, the amplitude of the maximum related to the 
quasi-stationary part of the curve decreases when both the transmitter and 
receiver are in the halfspace of lower resistivity and they approach the 
halfspace of higher resistivity. When the interface lies between the trans­
mitter and receiver, the quasi-stationary field strength remains the same at 
different positions of the array, and it depends only on the transmitter-re­
ceiver separation (Telford 1976). In our case it is constant. Location and
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value teve) of maxima and descending branches, on the other hand, depend 
on the effective resistivity of the rock votume determined by the current 
fietd developing at the corresponding frequencies. The position of the inter­
face between the transmitter and receiver inftuences this effective resisti­
vity. The shorter that part of separation R which ties in the tower resisti­
vity hatfspace is, the higher the amplitude and the frequency where the ma­
ximum can be found witt be. The trend of pj* apparent resistivity vatues
belonging to the maxima -  framed numbers in Figure t l .  -  shows that 
when the larger part of separation R gets into the halfspace of higher resis­
tivity, sensitivity to the position of vertical interface increases. Conse­
quently, frequency sounding curves reflect the position of the dividing, ver­
tical interface between the transmitter and receiver in every case.
An interesting case in practice is when the transmitter and receiver 
are situated in the same rock and information on the homogeneity or inho­
mogeneity of the space between them needs to be obtained by meaans of 
frequency sounding. To study this potential application a vertically infinite, 
20 m wide sheet of 20 ohmm embedded in a homogeneous space of 50 
ohmm was considered. The transmitter and receiver dipoles are vertical, 
their separation is 100 m, the array axis is perpendicular to the sheet and 
its position is asymmetrical to the sheet. The top-view of the geometric 
arrangement together with the amplitude and phase curves for homo­
geneous and inhomogeneous cases, respectively, can be seen in Fig. 12. It is 
obvious that because of the lower effective resistivity in the inhomogeneous 
case the maximum of the corresponding IE^(f)l curve is shifted towards 
lower frequencies. Details, however, should appear in the shape of the 
curves. To enhance them, from the phases apparent resistivities p,* (f) were 
calculated which are shown in the lower part of the figure. For the homo­
geneous 50 ohmm space pj* (f) = 50 ohmm = const. On the other hand, the
effect of the embedded 20 ohmm sheet, can clearly be seen on the apparent 
resistivity curve at frequencies between 100 and 500 Hz. This examples is 
remarkable from the aspect of investigation of inhomogeneities located bet­
ween the transmitter and receiver.
At our request the effect of a break in the high resistivity plate was 
studied by physical modelling in the Geodetic and Geophysical Research 
Institute of the Hungarian Academy of Sciences. The structure of the mo­
del, its data and the frequency sounding curve can be seen in Fig. 13. Mo­
ving from the middle of the plate -  array 11 -  towards the break a strong
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decrease in the fieid strength can be observed strating from the array 8. A 
definite change in the position of maximum aiong the frequency axis takes 
piacé oniy if one of the eiectrode pairs -  either transmitter or receiver 
dipoie -  gets into contact with the break. For arrays 4 to 0 passing through 
the break the maximum gets to lower frequencies because of the reduced 
effective resistivity. The fieid strength is iowest at position 4 when one of 
the eiectrode pairs faiis into the break. On crossing the break the fieid 
strength increasis. A break in the high resistivity piate has a drastic effect 
on the phase as weii, particuiariy at high frequencies. Phase curves refiect 
iocation better than amplitude curves. Their shape and position depend iess 
on the piacé of break in the case of an array passing through the break.
9. The horizontai eiectric fieid (E^) -  since it contributes in a vcrticai Poyn- 
ting vector component -  couid be appiicd in the verticaiiy -  up- and down­
wards -  oriented expioration.
in a homogeneous whoie space the E^ component is zero in the equa- 
toriai piane, and it remains aiso very smaii in its vicinity. However in a 
layered medium the E^ fieid is considerabiy modified by the high resistivity 
coai seam. At the boundaries of the seam -  or in their vicinity -  the hori­
zontai eiectric component increases to a weii measurabie value, so it be­
comes usabie in expioration.
In Fig. i4. the change of the amplitude of the horizontai eiectric com­
ponent is shown aiong a verticai iine 50 m apart from the VED for five 
different frequencies, if p, = iO ohmm. P2 = 250 ohmm. i^  = 5 m and p^ = 
30 ohmm.
Let us see now the ratio of the amptitudes on the iower (z = +2.5 m) 
and the upper (z = -2.5 m) boundaries:
Frequency: 20 230 2600 30000 230000
IE^(2.5)I/IE^(-2.5)I: 3.0 2.9 i .6 1.36 1.17
At iow frequencies the current voiume is iarger than at high frequen­
cies and therefore at iow frequencies the contribution of the upper and 
iower haifspaces are much more significant to the horizontai eiectric fieid 
than that of the seam. For this reason the ratio of the amplitudes practi­
cally coincide with the resistivity ratio of the iower and upper haifspace. 
With increasing frequency the ratio of the eiectric fields decreases due to 
the increasing reiative proportion of the coai seam in the whoie current vo­
lume.
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The volume -  from which the information originates -  depends on the 
R separation. Consequently the ratio of the horizontal electric fields chan­
ges with R. In the present case the situation is as follows:
R: 25 50 100 150 200 m
IE,(2.5)I/IE^(-2.5)I: 3.0 3.0 3.0 2.9 2.6
Due to the fact that a vertically oriented exploration usually needs 
only small R transmitter-receiver distances these results can be regarded 
satisfactory.
In Fig. 15. four frequency-sounding curves are shown: the z = -2.5 m, 
z = +2.5 m curves belonging to the two symmetric sections with 10 and 30 
ohmm. adjacent halfspace resistivities, and to the asymmetric section. In 
the former cases there are no differences between the curves at the z = 
-2.5 m and z = +2.5 m boundaries. The curves become different only in 
case of the asymmetric section.
On the E^ amplitude curve after a quasi-stationary part a maximum 
appears, due to the high resistivity coal seam. The curves belonging to the 
upper and lower boundaries are separated from each other sharply be­
ginning from the maximum towards the quasi-stationary part according to 
the resistivities of the roof and the floor.
The phase-curve differences give information about the roof and the 
floor at lower frequencies form the zero-crossing towards the d.c. zone. At 
the boundary of the more conductive half-space the phase-values are higher 
and the maximum appears at a lower frequency than at the other side. The 
site of the maximum in the phase curve is very close to that of the corres­
ponding symmetric situation.
Accordingly the form of the frequency-sounding curves bears largely 
separate information on the roof and floor layers. However the horizontal 
electric field at a boundary depends on both the roof and bottom parame­
ters. It means that any change in one of the half-spaces influence the hori­
zontal electric field at both seam boundaries.
The roof and floor layering differencies cause a frequency-dependent 
difference in the apparent resistivities at the upper and lower scam boun­
daries.
Let us see the effect of a high-resistivity basement, close to the seam. 
In Figs. 16. and 17. E^ amplitude and phase frequency-sounding curves
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measured at the tower and upper seam boundaries are shown. For compari­
son the curves beionging to the three-layered section -  a section without 
high-resistivity basement -  are aiso presented.
At the lower boundary the !E (^f)l curves (see Fig. 16.) have a quasi-sta- 
tionary asymptote, in this part of the curve IEJ is the higher, the nearer is 
the basement to the seam. In the intermediate frequency range the layer 
between the seam and the basement having 20 ohmm resistivity is clearly 
indicated by a relative amplitude decrease.
The basement has a characteristic indication on the phase curve, too. 
Beginning from h^ = 30 m at low frequencies a positive undulation appears, 
which is more emphasized at smaller h^ values, resulting finally in a 
change of sign and in a significant change of the form of the curve. How­
ever the phase change due to the basement remain rather small.
At the upper boundary (see Fig. 17.) the basement causes a quasi-sta- 
tionary decrease in IE (^f)l as it is expected form the three-layered case. The 
basement has an especially drastic effect at its smaller depth, resulting in a 
dynamically changing curve. The formation of the maximum in the IE^(f)l 
curves is due to the high resistivity seam. The E^ phases at the upper boun­
dary becomes considerably higher due to the presence of the basement. The 
upper half-space above the seam is homogeneous, consequently the curves 
do not have any indication of the layering. The transition from the quasi- 
stationary part towards higher frequencies -  where already the effect of 
the seam dominates -  is regular without any local, relative extrema.
Determination of the parameters of the normal section
The knowledge of the parameters of the normal section turns out to be a very 
important point in each application of geophysics. In our case the frequency- 
sounding by the components of the VED situated in the scam has many advan­
tages in comparison with d.c. measurements in this respect, too. Namely at a gi­
ven separation as higher the frequency as narrower is the section, which has an 
influence to the field strength. That means the number of layers we have to 
take into consideration is reduced. Futhcrmore in the case of d.c. measurement 
-  geometrical sounding -  very large separation of the dipoles needs to get good 
approximation of the seam resistivity. However at large separations there are 
more chances inhomogeneities will be present in the seam. Contrarily in the 
case of frequency sounding the effect of the seam will be dominant at small se­
parations and at high frequencies.
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1 worked out a very simple and reliable procedure for the determination of 
the resistivity of the seam or generaiiy speaking of the iayer containing the di­
poles.
!t is weil known from the theory of the d.c. geometrical sounding, that in a 
three-iayer section -  pj, h, = oo, p ,^ f^, p^. h^ = -  in the case the dipoies are
situated in the second iayer the measured apparent resistivity -  p^  -  at iarge se­
paration -  r -* oo -  wiii be (Csókás 1986)
= 2p^/(p, + P 3).
or with p = (p, + P2) / 2 we get for P2
(1) Ó2 = V ^  ' P-
For the determination of P2 we have to know p. According to our investigations 
it proved true, that at lower frequencies -  the current is distributed in larger 
volume -  the induction effect appearing in the maximum of the ]EJ frequency­
sounding curve is mainly influenced by the adjacent layers to the seam. There­
fore the apparent resistivity p * (f ^  . ) calculated for the frequency belonging
max
to the maximum of IE ! could be taken as p. In all probability p * (f ^ , ) does
^ max
not coincide exactly with p, but in the same time p^(f -* 0 ) is not measured at 
r -* 00, but at finite separation. In such a way the effect ot these deviations 
compensate each others. Therefore the specific resistivity calculated by (1) a 
very good approximation for the seam.
The data of Table 1. prove the usefulness of the procedure mentioned. In 
the table there are given the parameters of several sequences with three or five 
layers. The dipoles are situated in the layer marked by underlining. For the gi­
ven section we determined by equation (1) the p^,„^ value of the layers con­
taining the dipoles, which are given. Adjoining the numbers in paranthesis give 
the percentual deviations from the true value. From practical point of view 
these agreements are quite satisfactory.
The resistivities of the layer adjacent to the seam can be directly derived 
from the IEJ values measured by receiver dipoles placed in vertical boreholes in 
them. Namely the ratio of the field-strengths measured in the adjacent layer 
and in the seam directly relates to the ratio of the corresponding resistivities.
The data obtained by the approximate methods mentioned above can be 
used as start-parameters for an exact inversion. It is recommmended to carry
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out a joint-inversion of the IE^ ,(f)l curves measured in the middie of the seam 
and of IE (^f)l curves measured in the upper and tower seam boundaries. Fig. 18. 
demonstrates that the horizontal electric component bears much more informa­
tion about the roof-and floor layering than the vertical electric component. The 
transmitter and the receiver are placed in the case of sections 1-3 in the layer 
of 250 ohmm; in the case of section 4 they are placed in the layer of 200 ohmm 
resistivity, in each case at a distance 50 m from each other. There is a signifi­
cant difference in the vertical electric field component IE^ .(f)l at higher frequen­
cies only in the case of section 4. This difference is connected to changes in the 
resistivity and thickness of the seam. In the quasi-stationary frequency-range 
the difference between the IEJ curves is small in spite of considerable changes 
in the parameters of the sections. Consequently the vertical electric field is sen­
sitive first of all to the inhomogeneities within the seam. At the same time the 
amplitude-curves of the horizontal electric component considerably deviate at 
the seam-boundaries from each other especially towards the lower frequencies 
because of the difference in the roof and floor layerings. E.g. a 20 ohmm layer 
having a thickness 15-20 m is already clrearly indicated at the lower seam 
boundary by a relative minimum.
Parameters for transiüumination measurements
The main task for the in-mine exploration of coal seams is to locate zones of 
disturbances between gangways. For that purpose the tomographic reconstruc­
tion is the most suitable. To carry out such investigations we do not need to 
know the frequency sounding curves for a broad frequency-range.
Several high-frequency radio-imaging methods are known using the atte­
nuation rate along several ray path (Dines et al. 1979). The seams in Hungary 
have rather low resistivities, therefore the range of transillumination in our case 
is very limited. Therefore 1 made examinations whether the attenuation rate can 
be used at lower frequencies below 100 kHz, too. Disregarding, that in this case 
we can't assume a plane wave travels along a ray in a natural waveguide 1 for­
mally used the formula
(2) [E,(f.R)l = [ lE ° ( f .R -^ 0 ) le " ^  R ^ ] /
where
a(f, R) the attenuation rate depending on frequency and separation,
-  n(f, R) coefficient of the geometrical spreading.
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From the amplitudes at R and one meter more far I calcutatcd using for- 
muia (2) the dependence of the attenuation rate on the separation for given fre­
quencies. The resuits for H^ are shown in Fig. !9. for the section p, = 20 
ohmm. h, = oo, pg = 250 ohmm, 1^ = 5 m, p  ^ = 20 ohmm. h^ = °°. The dyna­
mic change of the curves at smatier separations turns into a practicaiiy linear, 
moderate one for distances greater than 50 m. which can be easily corrected. 
That means in the frequency range belonging to the descending part of the fre­
quency sounding curves the attenuation rate can be used for transillumination 
measurement. In this respect the IH^(f)l magnetic component without maximum 
is more advantageous than IE^(f)l wtth maximum (Fig. 20.). For the determina­
tion of the attenuation rate the knowledge of IEJ. or IH^I for two separation is 
needed along a ray, or nearly coinciding rays. However we can use a so called 
differential attenuation rate (Aa) calculated by the formula
IE,(f,.K)! ,
(3)
where IE^(f,.R)l and lE^fg, R)l arc the amplitudes at frequencies f, and f2 in 
the same places A a ^ ^ )  belongs to one ray. In the same time we don't have 
take into consideration the length of the measuring dipole changing from place 
to place. Using the formula above we suppose the field-strcng'.<s at the trans­
mitter agree with each other at frequencies f , and f2, and n(f,, R) =  n ^ ,  R). In 
Figs. 19., 20. Aa(f,, f2- R) is also presented for frequencies 20 and 44,5 kHz.
At a suitably chosen frequency -  which depends on the layering -, the 
apparent resistivity p.* (f) can turn into a distance-independent value, too. 
Therefore it can be considered as a parameter for transillumination. E.g. Fig. 9. 
shows, that for the given sequence p,* (f) in the case f =  10 kHz proves to be 
distance-independent value in the separation-range R = 25-200 m.
As the most suitable parameter for transillumination the p j ^  va*uc can be 
recommended (sec formula !.). p j ^  -  because it is a mean resistivity for the 
"sheet" containing the transmitter and receiver dipoles -  hints by his value di­
rectly to the continuity, or discontinuity of the seam, p ^ ^  is calculated from
amplitude value at f -* 0, and from the frequency, belonging to the maximum 
of the curve IE^(f)l. The latter is an audio-frequency. Therefore a very long 
range of transillumination can be reached by the use of this distance-indepen­
dent parameter.
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Some results of the test measurements
During the last years I carried out severai test measurements in order to control 
the main conclusions gained by numericai modeiing.
i investigated the effect of the fauit to the frequency sounding curves by 
muitifrequcncy transiUumination between borehoies and a gangway in the XX. 
Piant of the Oroszlány Coa! Mines (Fig. 2!.). The gangway Í26/Í discovered a 
fauit. The paraiiei shifted gangway !26/Ii. going further ahead hit it again. 
TransiUumination measurement proved the fauit continues further. The mea­
surement of the verticai eiectric component took piacé in the Í23/2 gangway at 
the marked stations. The VED transmitter was piaced at one time in borehoic 
2474, another time in 2475. Both the transmitter and receiver were situated in 
the seam, in the same piaces of the receiver -  site i. and 3. -  the frequency 
sounding curves significantiy differ depending on the position of the transmitter 
(Fig. 22.). A drastic decrease of the fieid-strength -  especiaiiy at higer frequen­
cies -  was experienced aiong the rays from the borehoie 2474. At the same time 
the position of the maximums in the curves shifted towards the tower frequen­
cies. These features indicate -  as the anaiogue modeiiing does -  the break of the 
scam. Consequentiy the fauit crosses these rays. too.
For the investigation of the range of the transiiiumination and of the use- 
fuiness of the parameters p„*(f). A a(f,.f2). p ^ ^  transiiiuminations were
carried out in the area of Márkushegy Piant between borehoie 24 i i and bore­
hoies 2350 and 2546 by the use of VED-s ten meters iong spaning the scam 
(Fig. 23.). The current-system concentrating itseif with increasing frequency to­
ward the high resistivity seam wiii cause an increase of the apparent resistivity 
pj* (S). This increase is much more emphasized between borehoie 24 i i -2546,
than between borehoies 24 i i -2350 (Fig. 24.). At the same time the effective 
specific resistivity of the "sheet" between the transmitter and receiver -  p^..^ -  
is higher and the differentia! attenuation -  Aot(0,5; 2.5 kHz) -  turns out to be 
smaiier aiong the ray 2411-2546. Ait these facts indicate that the seam is iess 
tectonizcd aiong the ray 24 i i -2546, than in the other case. However the seam 
must have breaks in both case because p^,.^ is rather iow. Besides that the 
transiiiuminations at 8800 Hz towards the surface has given iarge horizontal 
eiectric fields oniy at the borehoie 24! i -  AU^ = 446 and 350 pV/iO m -  indi­
cating here an undisturbed seam.
Transiiiuminations aiong paraiiei rays between two gangways in the Mány 
Piant of the Tatabánya Mines were carried out in a 30 m thick seam. In Fig. 25. 
frequency sounding curves are given with frequency-axis aiong the rays of the
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transillumination. The quasistacionary parts of the curves are fitted to the 
dotted lines. The apparent specific resistivities at 45 kHz -  p^ * (45) -  are given 
too. They correspond practically to the specific resistivity of the seam. Disregar­
ding minor changes in the form of the curves and in the value of p,* (45) very
distinct features appear along the ray 9-9 and especially 10-10. At low frequen­
cies minimum take place, the amplitudes diminished, the maximum is shifted 
towards the lower frequencies. Ail these features indicate the presense of a dis­
turbed zone.
The measurements shown in Fig. 26. and carried out in the continuation of 
the gangways mentioned above are very instructive. The gangway 1. crossed a 
fault, but along it the parts of the thick seam remain in contact with each other. 
Transillumination were made along the marked rays from station 14. By compa­
rison of the frequency sounding curves -  Fig. 27. -  it is evident that the infor­
mations at low frequencies are inconsistent with the informations at higher fre­
quencies. At 1 kHz -  where the information is coming from greater volume -  
the field-strengths belonging to the rays crossing the fault are greater, than 
along the ray 14-1 which does not cross it. However at higher frequencies -  in 
the descending branch of the curves -  when the information originates from 
narrower "sheet", the field-strength will be smaller along the rays crossing the 
fault, than along the ray 14-1. The p^ * (f) specific resistivities calculated for the 
descending part of the curves are smaller along the rays crossing the fault than 
along the ray 14-1, where the value p.* = 278 and 264 ohmm corresponds to the
specific resistivity of the undisturbed seam. The transmitter and receivers were 
in ail case in the seam. It is evident that the discontinuity of the seam between 
them will modify the field-strength at high frequency only. While at lower fre­
quencies adjacent layers and inhomogeneities will have influence, too. In Fig. 
26. along the rays of the transillumination Aa and p^ ,^  values are given. These 
distance-independent parameters, deduced from the frequency-dependence of 
the field-strength and refering to the "sheet" between transmitter and receiver 
give unambigous information about the seam. Namely p ^ ^  is diminished and 
Aa is increased along the rays crossing the fault. In d.c. measurements alone the 
informations about the seam and adjacent layers appear combined.
In the district of the Borsod Coal Mines transilluminations between diffe­
rent levels of two boreholes proved the aptitude of the method for monitoring of 
the time-variation in the physical state of the seam or of any layer. During mi­
ning using the longwall method of extraction as the waste collapses behind the 
advancing face fractures propagate upwards from the edges of the face. The
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fractures are a potentia! hazard if an aquifer is present above the seam because 
they can break the aquifer causing flooding of the mine. Borsod Coa! Mine or­
ganized a test to examine, whether the extraction wi!! cause a flood from a 30 
thick sand -  aquifer -  50 m above the seam. Fig. 28. shows the geological 
section and Fig. 29. the resu!ts of repeated transiüuminations between elec- 
trodes cemented in boreho!es. The time interva! during the face crossed the 
p!ane of the boreholes is marked. Aiong the time-axes the percentde time-varia­
tions of the apparent specific resistivity -  -  are given for each !eve! of the
transiüumination. The extraction of the scam caused a decrease in p^  in the te­
ve! of the seam (13-!7 e!ectrodes). The thin sand -8 -1 0  e!cctrodcs -  has tost 
his water, because an increase in p^  was found there. However the thick sand -  
1-3 e!ectrodes - , which in our case as hazardeous can be regarded kept his wa­
ter. The frequency used in transiüumination was 800 Hz selected according to 
optima! parameter-sensitivity in a sense to minimize the effect of the adjacent 
layers in the !eve! of the thick sand tayer (e.g. in Fig. 8.).
Finaüy we can conclude, that the test measurements proved the truth of 
the theoretical conctusions obtained by numerica! modeüing in a!! respect. 
Therefore the presented method is by a!! means suitab!e to so!ve severa! prob­
lems of the in-mine exploration of coal seams.
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Fig. i .  Comparison of the frequency-sounding curves of a VED and a HED si­
tuated in the seam -  = 250 ohmm, hg = 5 m -  at a separation 100 m
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[Ezjtf), R = S0m;Z = 0
V/m
20 nm 20 am_______
250űm ; 5 m 250nm,5m 
20űm 20nm h = var. h = 10m
_____  10000 űm 20m
30m
40m
Fig. 3. IE (^f)! frequency-sounding curves of a VED in the 250 ohmm iayer of 
the given sections and in a homogeneous space of 20 ohmm at a separa­
tion 50 m
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]Ezl fV/m)
20am
A,B
250am30 m
2 0 a m
Fig. 4. Ampiitude-frcquency curves for verticai eiectric transmitter and recei­
ver dipoies in equatorial array within the verticai siab. Below: overview
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V/m
Fig. 5. !H^(f)l and frequency-sounding curves of a VED in the 250 ohmm 
layer of the given sections and in a homogeneous space of 20 ohmm at 
separation 50 m
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Fig. 6. Relative increase in the amplitude of the horizonta! magnetic and verti- 
ca! electric components in the equatorial plane of a VED in the middle 
of the seam due to the presence of the seam in a uniform space
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pi = 20űm R=50m
p2=250ßm,- h2=5m 100m
p^=20ßm 200ns
60% 
50%- 
A0*H,- 
30%- 
20% -  
10% -  
0 -
L AlH^ , f)l%y
^2 =10%
'
-----!
- J
A)Hf(f)]%
Aln,(f))%
Api=10%
Fig. 7. Amplitude response in per cents of the vertica! eiectric component to a 
10 p.c. change in the parameters of the given three-layered section in 
the equatorial plane of a VED situated in the middle of the seam as a 
function of the frequency and the separation
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p i  = 20 am R = 50 m -
P2=250am;h2=Sm 100m -
p3= 20 am 200m -
Fig. 8. Amplitude response in per cents of the horizonta) magnetic component 
to a 10 p.c. change in the parameters of the given three-layered section 
in the equatorial plane of a VED situated in the middle of the seam as 
a function of the frequency and the separation
186 E. TAKÁCS
pQ (Am)
500 HO 40 10 2,5 0,4 0,1 0,025 f(kHz)
Fig. 9. Frequency-dependence of the apparent resistivity for several separa­
tions calculated from the phase of the vertical electric field in the equa­
torial plane of a VED situated in the middle of the seam. Values deno­
ted by circles belong 70 the amplitude maxima
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p *  tAm)
500 250 40 10 2,5 0,4 0,1 0,025 f(kHz)
Fig. 10. Frequency-dependence of the apparent resistivity for several sepa­
rations calculated from the phase of the horizontal magnetic field in 
the equatorial plane of a VED situated in the middle of the seam
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lEz) V/m
Fig. 11. Amplitude-frequency curves for verticai interface perpendicuiar to 
the axis connecting the vertica! transmitter and receiver dipoies in an 
equatorial array for different positions of the array
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Fig. 12. Amplitude-frequency, phase-frequency and apparent resistivity-fre­
quency curves for array passing through the vertica! sheet
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10nm-z ---------------
- 250űm;5m
+z ---------------
10ßm
30űm
250ßni;Sm
30Hm
10nm
250űm,5m
30űm
z=-2.5m
z=+2.Sm
)Exl[f);R = 50m
F!g. 15. Amplitude and phase frequency-sounding curves of the horizonta!
electric fieid at the seam-boundaries in symmetric and asymmetric 
three-iayered sections. The VED is situated in the middle of the seam 
at a distance of 50 m
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Műm-z --------------
-- 250űm 5m+z --------------20űm
Műm---------------  -z
250űm 5m---------------  +z20űn h=var h=10m
10000űm 30 m
Fig. 16. Effect of the resistive basement near to the seam on the ampiitude 
and phase frequency-sounding curves of the horizonta! electric fie!d 
at the lower seam boundary. The VED is situated in the middie of the 
seam at a distance of 50 m
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V/m
20ßm
250am, 5m 
20am
20am_____
250am ;5m  ------------------- +z
20am h=vart
10000am
)Ex l t f ) ;R=50m;Z = -2.Sm
h = 10m 20 m 
30 m 
40m
Fig. 17. Effect of the resistive basement near to the seam on the amplitude 
and phase frequency-sounding curves of the horizontal electric field 
at the upper seam boundary. The VED is situated in the middle of the 
seam at a distance of 50 m
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V/m
f (Hz)------
o
20 úm 20am
250 Dm :5m 100am .-10m
20am :15m (D < 20am 10m10000 am 250 am , 5 m 
20am ,20m 
10000 am
20 am 20am
200 am 3 m O
250am 5 m
20am .20m 20am ;20m
10000am 10000 am
Fig. 18. Amplitude frequency-sounding curves of the horizontal (E^) and verti­
cal (Ep) electric components in different sections. The VED is situated 
in the middle part of the seam at a distance of 50 m. The IE (^f)l 
curves belong to the lower (1) and upper (u) seam-boundaries, while 
the lEgl curves refer to the middle part of the seam
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2 4 7 5 -3 ) 132
-ÍAdí-Veví)
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2475-@  153
t A- V!
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Fig. 22. Amplitude frequency-sounding curves atong the rays of Fig. 21.
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Fig. 23. Apparent resistivity -  p^ * p ^  and differentia! attenuation-
rate -  Act -  values for transiHumination in a seam between boreholes. 
Horizonta! eiectric fie!d vatues -  AU(0) -  in the surface near to the 
borehoies for borehote-surface transiüuminations
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Fig. 24. Dependence of the apparent resistivity pj* on the apparent skin-depth 
(8„) along two rays
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Fig. 26. Apparent resistivities at 45 kHz and differentia) attenuation-rates for 
30 and 66 kHz for transiHumination between mine entries
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Fig. 29. Time-variations of the apparent resistivities in different depth-ievets 
caused by the extraction of the seam
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Table !. Resistivities of the iayer containing the dipoies -  -  for some 3-,
4- and 5-!ayer sections
3-layer sections n * ohmm (dev. in %) ^seam ' '
P] P 2 ^ 2 P3 20 50 too 200 R m
20 250 2.5 20 261 (+.4.)
20 250 5.0 20 2 t5 ( - t4 ) 244(-2.4) 260(+4) 260(+4)
14 250 5.0 14 252(+0,8) 249(-0,4) 270(+8)
26 250 5,0 26 246(-l,6) 260(+4) 265(+6)
20 325 5,0 20 3l7(-2,5) 3I8(-2 ,I) 340(+4.6)
20 175 5,0 20 177(+ l,l) )8)(+3,4) !82(+4)
20 250 6,5 20 230(-8) 255(+2) 253(+t,2)
20 250 3.5 20 241 (-3.6) 265(+6) 248(-0,8)
10 250 5.0 30 251 (+0.4) 260(+4) -
250 20 5.0 250 I8( - I0) 20.4(+2) -
20 20 12.5 10000 22,1 (t 0,5) Dipoles are situated above the basement 
in a height h^-20 20 17.5 10000 22,6(13)
4- and 5-layer sections
Pi P2***2 P3***3 P4
20 250 5.0 20 20 10000 225(-IO) K 20 m
20 250 5.0 20 15 10000 234(-6.4) R = 20 m
20 250 5.0 20 10 10000 258(+3.2) R 20 m
20 125 5.0 20 20 10000 U9(-4,8) 20 tn
20 250 5.0 20 10 10000 280(+l2) R = 50 m
20 250 5.0 20 10 10000 220(-l2) 100 m
20 125 5.0 20 10 10000 H 5(-8) 100 ni
20 500 5.0 20 10 10000 560(+l2) R = 100 m
20 250 5.0 20 10 10000 280(+l2) R = 100 m
20 250 5.0 20 10 10000 290(+l6) R 25 m
P , = 20; P2 = 200; 1-2 = 2.0;
P3 * 10;
4;
h^ -  10; 
P5 =
P4 = 00; 2IO(+5) R = 50 m
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